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This s*tudy reviews tha history ard developasn+t cf a=z
ric prepulsion drives, the types of =2lectric oropul-
ion, and *the inherent lecsses which cccur within +he synch-
ronous AC machines typically used for high-power propulsion

systems.
A thcrough review of the litera*ture pertaining %o hea

ot

+ransfer in electrical machinery is made. In particular, ?
the use of liquid ccoling in various flow configuratiors,
including buoyancy-driven t hermosyphons and two-phase ther-
gosyrhons, is analyzed.

Forced-liguid cocling is feasible, but th2 r=2quized
rotating seals are a problem in reliability. Cleszd-loop
thermosyghon cooling appears feasible at highk rc%atiornal
specds, athough 2 secondary heat 2xchange throughk *ke shaf+ .
is required. Closed, two-phase thermosyphons and hsa*t rpipes
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are also €feasible, but require forced-air «circulation for
hea*t rejection tc the ambient. Since all of thes2 concepts
deserve additional a+t+tention, areas for furthar research and
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latin Syambols

a +ute radius (m)
Ac B Q2/g
Cp specific heat (kdJd/kg.k)
tube diameter (m)
fricticn factor
condensation factor for equation (3.6)
stress ratio = T’ §g pl
accelera*ion of gravity (m/s2?)
Gr Grashof rumber = g g ATd3/ 2
Grr Ro*tational Grashcf number = H Q2 3 ATd3/ v2
hfg keat of vaporization (kJd/kq)
B radiugs cf rotaticn (m)
3 velumetric flux (m3/s)
§* dimensicnless volumetric flux = go 1/2(gD(pf-pg)}-l/2
J Rctational Reynolds number = Q42
k +hermal conductivity (W/m.K)
Ktcr-critical transition value (for equations 2.11-2.15)
K1 = JRe (for equatien 2. 14)
Kt = J2/Re (for equations 2.11 & 2.12)

length c€ tube (m)

pressure (Pa)

<

pIessure (Pa)

Er °Pfrandtl number

P{; q sgecific heat flux (W/m?2)

- ¢ Heat load (W)

E&: Ra Rayleigh number (Gr*Pr)

5%; ’ Far Rctational Rayleigh number (Grr*Pr)
el Re Reynclds number = Vd/,
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difference in values

T temperature gradien+t (K/m)
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u viscecsity (N.s/m2)
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v kinematic viscosity (m2/s)
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e Subscripts
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I. INIRODUCTION

The zarine engineer and naval architact ars charged with
creating a2 design o0f a vessel from a broad sst of raquire-
ments for the ship system prepared by <the customer. This
requires a very s*ructured proczdur2 for ovreparing <*he
design-based comparisions and eccnomic +“zadzs-off studizs a+
each and every s+tage c¢f the developm2at of <the desigrn. The
end result is a conplets set of design requirements from
which “o construct the final product (this resul* should
meet the original design requirements!).

This structured procedure has the form of the well-known
"design spiral" [Ref. 1], which is shown in Figure 1.1 for
the propulsion machinery. This procedure 2ncompasses the
total ship desigrn, including (but no% limited to):

Main Prcpulsion System

fo
"

Shaft horsegpcwer

Propeller REM

Specific fuel consumption and bunker capacity

Space and weight objectives

Adaptability to ship configuration
BAuxiljary Ship Systems

Power and ligh+ing

Steam~galley, d2ck, and heating systems

Heating, ventilating, and air conditioning

Firefighting and ballasting

Fresh wvater

14
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Ancher harndling

teering engine and tridge t:i2me%ering cecrn+t-ol
Carqo handling gear
Crane systens

Elactzoric a:

o]
roN)
b=
[+
i<
||_n.
ig
t
l' re
3
ln
<
t
w
=]
[11}]

Commanicaticn, 2xterior and interior
Radar
Loran, Omega, etc., navigation aids

Military electronics, sensors, command and conircl
systems, weapons directors, tactical data cystens,

and electroric countermeasures.

In order tc design the vessel within eccnomic constraints,
or to use +he life cycle ccst as the function tc crtimize,
it is ipperative to define initially the devices used %c
provide the power for the vessel. They must provide most for
the least, in terms of the £fuel that *h2y expend angd +he
volume and weight tha*t they possess.

The selection of ths main propulsion plant requires
matching the power of the gensrating da2vice with a transmis-
sion (in mcst cases), the propulsor, other ship systems and
the hull. 1If one limits the choices of propulsors to fixed-
fitch —rpropellers and controllable and raversible-ritch
Fropellers, which are currently realistic for large vessels,
the number of possible permutations remains quite sizable,
as shown in Figure 1.2, The horsepcwer and RPM requirements
cf modern warships require the use of a transmission to
ccuple tke high RPM of an econcmical prime mover wi*th the
low E®PM required at the propulsor for high pocpulsive

15
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CONSUMABLES &

ENOURANCE &0 AND
(OGISTICS SUPPORY

i 1.1 i i S
Flaure di Teropalsita RELaDRcLYY SPiraL

efficiaency. This *ransmission may b2 =2ither mechanical or
electrical. The mechanical reduction g=ar kes beern
exploited ir the past to minimize volume/space regquirzments.
When coupled to a reversible prim= mover, such as a stesan
turbine, i+ has  teen proven to be gquite acceptable.
electrical “ransmission has several attractive

1))

However, th
features, such as €ase of propulsor speed and direction
control, flexibility in +¢he *he nuaber and locaticrn of
con+rols, freedom c¢f irstallation and machinery 1laycut,
coupling of various prime movers independently “o propulsor
drives (as well as cther auxiliary applications), and the
ease of auxiliary thrustar installation for mareuvering
centrol.
The choice of the propulsion plant includes many impor-
tan* factors, such as:

1. Reliability

2. Maintainability

3. Space and arrangement cequirements

4., Weight requirements

5. Type of fuel required

16
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Figure 1.2 Propulsion Plant Alternatives.

These factors have gone through many cyclic changes
based on the fluctuating econonmy. The recent =2amphasis on
fuel cests and availability has driven the fuel
consumption/prime mover efficiency to a much higher level of
concern than it was previously given. The cost of acqguisi-
tion ¢f new vessels has skyrocketed, as well as the costs of
main+tenance and repair. These escalating costs are a chal-
lenge to the =ngineer of *oday. The economic considerations
of *he ipitial cost cf a plant, the cos%t of mainterance ani
tepair, and the cost %o operate a plant frcm its
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constructicn to itis retirement, also ccined "1ifia cyclst

cost, 1is the driving fcrce that <co %

mcdsrn warshio
Oof the 1i

life-cycle cos

st of prime movers shown in
t £ +he na

lowest. The economy of operati
rather narrcw range c¢f RPM's, T

the current eomploymen+t of this d=avice, since *
u*iliziang an electric trarnsmission to accomplish the g
operating the prime mover within its maximum economy
did rot cffset the lcss of efficiency experienced by the gas
turbine. This was due to the technclogy +that exis+ted w

+he field of electrical contrcls at th2 time. The advent of
electronic frequency control of +he output of the genszrator,
indeperdent of RPM cr poles, and the <Zfrequency ccntrel of
the synchronous motor, 3independent of i*s supply £-equency,
makes *he use of +the electrical transmission nmuch mors

attractive. Although the initial cos: will be higker, the

cos- of operation, maintenance, anid repair of +he systenm
will rapidly offset the 3initial cost differential (Ref. 2],
[Ref. 3], and (Ref. 4]. An analysis of *the ecorcmic and

engineering considerations involved with this mechanical vs.
electrical drive selection was made by Eric Gott anrd S. O.

Svensson (Ref. S]] 4in 1974; they clearly illustrated the
nature ¢f +he problem and possible solutions. Ir +*heir

paper, it was evident <that the selection of some of the
possibly more apprepriate forms of electri drives was
discouraced due to tte econcmics of thae choice. High-power
frequency-ccntrolling equipment was very expensive and
bulky. Recent advances in high-power, solid-state equipment
have now again prcmoted %these altarnatives into viable
contentien.
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A. BISTORYICAL DEVELOPMENT
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experiments with small submersibles, <o tne present, the usz
e

= n

m
of ectric propulsion has mad2 a slow evolution. The U.S.
Navy began with the Jupiter in 1911, 1I% was a 5500 hp/shzf+
vessel 2quicp2d with wourd <ro*or induction nmotors, which
fulfilled a 30-ysar lifespan (terminated by surface warfare
activity in 1943, while s2rving as an aircraft carrier

(Langely)). This led to several major programs, summarized

telcw:

* AC drive 1ins*alled on five battl2 ships cf
30,000+4hp{1918-1922)

* AC drive applied to carriers Sara*oga and Lexingtcn of
200,000hE (1920)

* Synchronous ac drive introduced on four Coast Guard
cutters (1919)

* Synchronous ac¢ drive in the 1liner VNormandie a¢
160,000hp (1935)

* Synchronous ac drive and full dynamic braking irn
cutters (1940)

In the U.S.Navy Bureau of Ships Manual (BUSHIPS
250-660-2), dated 1 March 1945, the text states tha+* the
Navy's inven*ory of ships that used elactric drive (in adai-
tion to above) was ",...about *vwo hundred destroyer escorts
and akou* one hundred other ships including *ankers, cargo
transperts, troop transports, and stors ships."™ All of these
applicaticns were with steam turbires (which were spezd-
adjustable and reversible) and eventually this design lost
favor tc¢ +the 1less expensive nmechanical reduction gear
systems which were scmewha* lighter. The weight o©f <*hese

19
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crigiral elec*ric driv2 systams was due +2> <rs tas
frequency relaticashirp of REY *c *hz namber ¢f pcles. TLisz
*c +he o}

(3600RPY)

(256-9CREM) . The larce number of poles raquired

(-4
2

e basic ccrnfigunration o0f +wo Dnole Aaenzrcatare

and twenty-21ight <tc 2ighty pole biYoRdleR 4

for syes:d reduction caused the o

The of syachrorous
e

reduced +he weight sligh*ly since t¢he motor sxp=sciern

motors +o be =xtre

ard heavy. advent ¢cf <the use

o
fewer slip losses. A go9o0d his*srical background cn +hs

early stages of electric found in the hook
writter ky Commander S.M. Robinson, USN [Ref. 6].
Current applica*icns in the U.S.

Table I.

propulsion is

Navy are shown in

TABLE I
U.S. Navy Electric Drive Ships
Type 2 Ships SHE 2 doZiozs
AS 2 15,000 1
AS 2 11,520 8
TARC 1 10,000 2%
TAGOS 1 1,600 2% %

* also has 4-1200 hr thrusters
** a3lso has 1-550 hp thruster

B. ELECTRIC PROPULSICN CONCEPTS

An area of current research in the field

that shows considerable
propulsion is the use

of rotating

electric equipment p-omise with

regard to electric of acyclic (homo-

polar) superconductive DC devices. These devices preduce

excepticnally high +tcrqus and horsepower in a very csmall

volume and waight. This is of great wvalue in advanced
20
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e adap+i blllty cf the systems for this cryoageric =p
s+ +

{1

ratus must b2 performed bzfcre actnal implementasi

o
2 specific design. Thus,

$de

cornfiguraticn can occur

s
4

rapid ipplementation in a short-term project (3-5yrs), thz
choices remaining in electric propulsion to z ccnsidere

are direct-current (DC) and altarnating-cucrers (2C)
devices. The categcry of AC devices is furthzr subdiviiad
into inductive and synchronous devices. All three devices

have teen used for marirs prcopulsion and each has its cwn
inherert advantages and disadvantages

1. L achinery

The DC electric drive system Las besn used exten-
sively in the past, primarily in low <0 medium power ranges
(1200 - 6000 hpsshaf+) with extremes o€ 400 hp/shaft and
16,600 hp/shaft noted. This =2mploymert o¢£ DC Arives
: recrmally , u*ilizes 1-4 orime movers powering one or mors
motors ver shaft (duplicating the system if more <+han one
shaft exists).

BErimary advantages of this system include:

1. Fase of Control. Control being effected by varying

the gernerator volbaga through fi21ld control-a prccess
that lends itself well to remote loca+ion(s).

2. Multiple Control Stationms. The ease of which the
gernerator voltage and polarity of the motor cunnecticns
(either field or exciter) are vari2d allows multifple
centrol stations +to be designed for flexible ship
centrol in +igh* mareuvering situations.

3. Mdaptability to varing propeller-hull characteris-
tics. The Frovaeller-hull characteristics change
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dramatically wher the vassel is “owing or igo-bosaldi-o,
Ths akili=y =*¢ mztch ths rime aovar {running ozt
cp*inmnm eneoaf) 4~ +ha orerejlaer +hrongh the vropulsion

1
mo<cr ard s+till provid2 wmaxiaum +*torgue is a specific

advantaga of this system, wi*thout excess eag
-

elactrical capacity, +*hrough a wide rangs c¢f o

RPMe.
frimary disadvantages include:

1. Limited Power Rang=2. The top-end range of approxi-
mately 10,000 hps/shaft limits “he vesssl size that can
utilize this system.

2. Geperator sSpeed Limitations. The maximum speed
that *he generator can be operated, due +o prctlems
primarily associated wit commuta+tion, is +ypically
limited to under 1000 BRPM,. This limits the selectiorn

of “he prime mever if one does not utilize mechanical
reduction g=2aring to match the characteristics. PFigure -

1.3 shews the ncrmal relationship of RPM vs. KW.

3. Weight and size. The weight of the DC systenm
incre:ases dramatically with power =c-a+ing 2s shown in
Figure 1.4 (this figure shows wsight in pounds/SHD);
note that “otal weight becomes almos+ linear with SHP
at higher SHP values. This precludes high power appli-

cations of cenventional DC  systems above 10,000

hp/shaf* (acyclic-homogpolar devices are excluded from

:?S this analysis). Ths physical size of “he device also
F:;f has this dramatic functional relationship to ra+ing as
e shown in Figurs 1.5,

E:ﬂ From the above discussion of advantages and disad-

@,

vantages, +the consideration of DC electric propulsion for
use in a warship design that would require on the cr-der of
40,000 hp and utilize gas turbines in their mos:t efficisant

22
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~
. operatirg rarge is nct realistic. Therefore, the remainder

cf this papar will orly considsr the AC sys*tems. The
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FPiqure 1.5 Variation of DC Generator Size
with Rating.

inheren: losses associated with these DC systems *tough are
essentially the same as those in *he AC sys:iems. Figqures
1.1 thrcugh 1.5 are from *Marine Bngineering", R. L.
Harring*cn, editor.

2, AC machipery

The devices included in the <corventional AC
machinery area fall into twec categories: induction and
synchroncus. The rprincipal difference be*weern +h2 +twe
sys-ems is in the mctor application. The inductien motor
system provides exceptional torque at 1low RPM and maximum
slio (200%). This high torgque response at low RPM makes the
inducticn motor system praferable in some applications. For
raval aoplications, this system is not as efficient as the
synchronous system by a few critical percentage points. Th=

24
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b; indiicticn metor has losses that are a function o0f +ha =lio
f; incurred bz<w2an the roitor arnd th2 stazor f£iald. 7Tuis 12
. ie Tela*sd *o *he RPM anéd load. The resmaining losses i ¢h:

RN inducticn motor are the szame as +*he gynchrenous rmo=or ir
general. Another «critical differ=nce betwsern <Lka +*wo

systems is +he power factor difference. In *“he ipnductien

metor, +he rotor currenrt is induced from tha statcr field.

&

T is induc=3 £3i:234 +ha+t is created as a 7zTesls 2Ff +his

curren* is *he mechanism from whick the mechanical ro%tation
is Aerived, Since this current is induced frcocm the stator
(supplied curren*), it causes tha curr=nt load se=n by the
supplying d=svice to "lag" the supplying voltage ard there-
fore cause the power fac*or (2 measure of the amount of lag
or lead) *0 be less than unity. A power factor c¢f unity
irdicates that the load current and <*he load voltage are irn
phase and wmaximum real enerqgy transfe- is occurrirg. The
induction mo*or 1is ncrmally operated with a lagging rower
factor of approximately 80% [Ref. 6] and arn overall =f%i-
ciency of arpproximately 90%. In the synchronous system, the
powar factor 1is rnormally unit and is controllable by the
external mo*or rotor excitation which results in the synch-
ronous system's power factor being adjustable and a wunity
power factor being easily obtained. Note here also *hat the
povwer factor in this systam can be made +to actually "lead®
and thereby correct a system "lag" to other loads that migh<«
exist in the fully integrated systenm. The advantages cf AC
systems in general are:

1. Bigh Efficiency. Losses in the synchronous systen

ar2 aprroximately 6% (including excitation losszs) as

ccmpared ¢o0 the induction motor system losses tha*

range from apprcximately 8 to 10%

MR B ANCN S
1 . . <‘,. ..a'

R N

g 2. Flexibility of Installation. The direct driva
s . . e s

e motor can be ins*allad in +th2 vessel +0 minimize sghaft
{'.-.'.
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reduction gearirng and opera

Eripe nover.

3. Dual OUse of EPropulsion Power. The AC sys=<em allows
for +Lke power from propulsion units to be used for
c-her functions when nct requirsd for propulsion: tisg
leads %o th=2 creation of a fully-integra+ed systanm.

4. Available in largs The conver+tioral

rg
t
[ ]
o
fot
e
[14]
Q
in
E )

AC systems can be built :in any power —rcating required
ith 2 reasonable upper limit of abpproxima+ely 60,000
ho. The larger system's size i1s being reducedé by
raisirg the system voltage (which is not limited by thz
ccamutation requirements of DC systems). The systen
voltages typically in use are froa 2,300 to about 7,500
volts. These vcltages are easily t-ansformed for ctlher
uses in addition *o prcpulsion.

The sa2lection of the main propulsion system there-

_fore is rot simple. The design environment must be specified

and the prime mover is selectad. Onc=2 these parameters are
defined, the appropriate selection of transmission, control,
and propulsor can be chosen. For the purpos= of the propul-
sion ¢f a vessel of approximately 8,000-ton displacement and
+he mission of a ncrmal warship of the destroyer/cruiser
variety using the marine gas “urbine as the prime mover and
life-cycle cos+ts the design criteria, the selecticn of the
AC synchronous drive (possitly fully intesgrated) aprpears as
a very appropriate choicse. Some of the design ccnfiqura-
+ions possible within this choice, and the associated
pecformance of each, are shown in Figure 1.6 as presented ir
(Ref. 71. Additional possible configurations are skown in
Figures 1.7 and 1.8 . The end resul: of the implementation
c* *hese +“echnologies would resul+t in substantial savings

26
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cver the current production configuration that n+iliza=s <hs
gas *urbine main propulsion In the lifs-cycle anazlyils. luch
a comparison i3 shown in Figurs 1,9, also from <hs KNAVSEA
report {Ref. 7].

Additional propulsion plant arrangements are given
Ref. 5] and the total number possible is orly limited
vy by the designer's imagination and creativity wiskhin

+r2 cenfines of +he tullfern

The <concep% of losses within +he motor and +the
generator are comparative in magnitude and virtually iden-
tical in nature. The losses will, therefore, be discusssd as
a grcup which is applicable to both the motor and the gener-
ator., The approach of an energy balance is useful hers to
introduce thase losses:

| Energy into device|
{ on the | + on the | =
| mechanical side |

|Energy into davice|

] electrical side |

| Increase of | | Increase of | | Heat |
{ stor2d4 kinetic/ | | storei enerqgy | |genera+ed|
{ poten+ial mech. | + | in the elec.&mag.{ + | withia |
| enexgy in device | | £fields of device | 1 device |
(1.1)

The net quantity on the right~hand side of the equa-
+isn is small and positive; the majority of the erergy into
the device is +transritted through the device as an output.
As an example, when considering the motor, the energy into
the device on the mechanical side is nega%*ive in sign arAd
appreoximately equal to the electric energy inte the device
wvhich i¢ positive in sign. This amount must be balanced by

the gquantity on *he right side of *he 2quation.
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igh* side zre all usually =zmall and mnav he
sents th: anergy associated «i-k
from the inertia of “he 3zwvin~z,

T

[
D

n

ero. Th2 second term woul u
ngs in current to +he device arnd the el=zciric
field +ha*t existed wculd be 2 sourcs of energy (the irduc-
tion effect). The third *erm is the main pcint of interes:
here. I* is comprised of the following:

* Mechanical friction losses

* Air €friction lcsses (windage)

* Hystersasis and eddy-curren+ losses

* Resis*ance losses in the armature, and

* Bxciter loss2s (in the case of synchrcnous machires).
The cbject for the electrical engine=r is to minimize +hese
losses *c the greatest extent possible, Since i%® is impos-
sible <+o eliminate all these 1losses, <+he problem <+hat
remzins is the remcval ¢f <+he resulting heat within +he
device (Ref. 8]. The size and weight Ef the device 1is
largely dependen* on +he ability to remove this heat, since
the capacity of the device is limited by the insulation used
in the device. The method of heat removal is not limited *o
a sirngle mode, but is a combination of many modes of heat
transfer includirng:

* Conduc-ion: s*tator to casing
rotor to stator (through air gap)
rctor o shaft
shaf+ to casing
shaft to external device (coupling,

re duction geas, =tc.)

* Convection (both forced and ra‘ural):
casing to ambient
statoar tc in+tsrrnal ai- (or gas)
rotor to internal air (or gas)
shaf+ surface ¢o0 internal air- (or gas)
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shafs surfacs to 2x%tsrrnal air
* Radia+ion: e€xta2rnal surfzces +o sinks
in*2rnal surfaces =0 casing

Thecse modes are rot all very controllable. 1lzrge
amour*s cf ra2search have bean devoted to minimizing these
thermal resistances. Efforts to improve convec+icn heat
transfer have found that the restrictions on the To%or-
stator air gap have rrevented exploitaticn ¢f +*this mcde as
discussed as early as in 1926 by G.E. Luke [Ref. 9] arnd as
late as in 1979 by O.N. Kostikiv, et al. {rRef. 10]. The
imprcvement of the conduction heat +transfer has been
improved by minimizing +he thermal resistance ¢f the insu-
lating compcunds and the materials wused in the construction
cf the device, including installing +*hermally-conductive
matzrials in the coil ends.

The improvement of ccnvection heat transfer is still
keing examined by using liquids and gases to cool the rotor
and the stator of these davices, This orocedure involves
piping a liquid “hrough *he stator to removs heat by forced
convecticn, and utilizing a material with high +hermal
conductivity directly adjacent to th2 piping to cocnduct it
to the rfrirping where it is rsmoved by “he passing liquid.
This me+hod is equally applicable to the rotor, provided the
rroblem c¢f the rotating seals can be overcome in order to
charnel the liguid frcm an external sink to the moving rotor
and back ou*, The advantage of doiang this over standard
cooling schemes is that the capacity of a device may be
ircreased dque to “he lower internal temperatures tha: could
be main*ained (or the physical sizs and weight of the device
could Le reduced fecr an existing capacity) as shown 1in
Pigure 1.10 for a 40,000 hp, 180 RPM synchronous motor. The
use of a liquid in a bouyancy driven closed-loop, callegd a
thermosyghen, is also possible. The amount of heat transfer
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large.

The two-phase co2ling method wi*hin a <close
ir +he fcram of a heat pipe, has alsc bzen extensively in
tiga+t=d. This method has an advantage over th

i
O

liquid-ccoling method in that it eliminates t
for rctating s=zals. Thesa seals can be weak b
design from a reliatility stand point, =2specially i€ high
RPMs arz involved., The heat -pipe method *typically involves 2
confined £fluid acting as a +two-phase medium €for hea+
transfer, explciting the phase change as a vehicle for
subs+antial heat transfer in order to remove heat from *h=z
rotor or the stator cr both. This method then transfers <the
hea* either +o the amtient air or to some other gas, 1liquid
cr solid ' heat exchanger. The configuration amost suitarcle
for use within a motcr/generator on the order o€ 40,000 hp
would be either to ambiznt air or to a fresh water heat
exchanger <external +o *he motor in the case of stator
conling, or +o internal forced air through extended surfaces

in the case of rotor cooling.

LA A O

&N
C. PROBLEN DEPINITICH
The purpose of this thesis is to analyze various methcds
of ccoling motors and generators of warship propulsion
: flants and to discuss the economic and reliability perspec-
- tiv2s associated wi*h each systen. The next *wo charpters
!E will discuss <+he +*heory and application of +these two

s
[
s

PR methods: liquid cooling of the rotor, both forced convaction
2: and the thermosyrhon, ard two-phase cooling of the rotor.
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A *es* appara*1s Zor =evaluation of vari
ccoling schemes has teen 3esigned and is ¢
constructicn at +he David W, Taylor Naval Sh s
Cevelopment Center, Annapelis, Marylani. I+ k
FPigure 1.11 and will be used for the analysis wi
study. The results/recommendations herein may t
exp2rimentally evalua+ed,

For *he purpose of <this arbitrary configuratica, *he
model £or analysis is as follows:

1) Tre device will b2 a water-cooled frams,

synchronous AC gen=rater, 25,118 kVA @ 3,600 RPM.

2) A specific conduction bar shall be analyzed for a
typical load fer all cooling configurztions. It haz a
leng*h of 0.91744m and is 0.0116m squarewith
a 4.763mm diameter hole borad through the lergth
(terein referred to as the *ube length and tube
diametar) . The losses per bar in this coenfiguration
are approximately 50W.
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TLEIL CCOLINS
Single-phase cooling has beer <cxtersively investigatad
with regard to rotating refsrencss. Work wzs stimulated
rly by thke orinting industry, with <+he n=2=21 %0 cc
t i1ls. The work was further encouragsd by +h>
gas turbine industry with the need %o cool high-+tenmperature
turbire klades, which rotate a* high RPM, 2and by *the elec-
trical machine industry, where the need %o cocl 1la-ge,
power ful generators Lecame a necassity. Research in th=
study of flov and heat <transfer in a rota*ing reference
system is applicable to forced-convection flow, buoyant flow
in thermcsyrhons, and the single-phase flows of closed +wo-
phase Jdevices.
A theoretical analysis of flov In a hea*ed, horizcn+al

tube withou® rotation by Morton (Ref. 11] was complet=d in
1957. Although his analysis was limit2d ¢o non-rotating
flows, it gave considsrable insight into buoyancy-induced
secondary flows. His analysis was 1limited to laminar
convec*icn in horizcntal, uniformly-heated +tubes at 1low
Rayleigh numbers (based on <*he “empera*ture gradient along
+he pipe wall). The work was an extension of “hke s+tudy by
Nusselt who ignored t+he gravitational (acceleraticnal)

effects and, therefore, was independen* of orien=a*ion.

i

"l

This study was a numerical solution *o <he governing equa-

s
Jalels

tions assuming small rates of heating and a no*able varia-

l.“l

j tion c¢f density aleng the pipe 1length giving rise ¢to
" secondary flows. A similar study was coaplet2d by Kays
= (Ref. 12] 4in 1955. Morton s+tudied +*his secondary flow

driven by the bucyancy e¢ffects and the rCesultant tempera-ur=
distribu+ion by successive approximation in a power s=ries

) (this is similar to +the flow 3in a pipe rotating abcut a
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ververdiculzr axis). Seccrld-crdar tarms we

account fer the seccndary flow. The basic =squatioas arni
dzveslcrmant ave presented in Appendix A, 2and arz “h: Phac
for many la*ter studies. This davelopment is zdavo
rotating case by *he substitution of c2entripetal acce
tion for the gravitatioral acceleration terna.

The configuration 0f the coocling loop has “h-ee distirnct
reqgions which must ke considered: the radial secticrns of
tubing (oriented zlong the line of the centriovetal =a2ccelera-
tion), the entrance regqions of the axial sec+tions, anéd the
axial sections through th2 conductor bars (orisnted parallel
to the 2xis of rotaticn). Addi+iorally, it mist be deter-

mined whether the flow is lamipar or turbulent. The devel-
opment will be reviewed <chrcnologically within each topic
with sample calculaticns made for pertipent correlations in
Appendices B and C as noted.

A. HISTORICAL DEVELOPMENT OF ONCE~-THROUGH COOLING

In the 1968 putlication, "32cent Advances 3in Heoat
Transfer" [Ref. 13], Kreith made 2 survey of virtually all
the werk tc that date tha*t had transpired in the field of
convection hea* transfer in rotating systeas. His section
cn concentric cylinders and rectatiang +ubes <summarized the
works mention2d herein, although principally evalua+ing the
repor*s usirg gases as *he £fluid media. He ©presents the

concept of utilizing a thermosyphon for the ceccling of
rotors, <*he theory cf which is intimately related to the

&E‘ pTevious work with single~-phase heat transfer, which will be
ﬁ;ﬁ discussa2d later. Kreith also describes the threzs different
~®C sections (radial, entrance, axial) of the device which %his
:35 s*udy is addressing. These have been aralyzed individually
%E toth expermentally and *heoretically. The inlet region has
;;ﬁ the swirl effect due +o the Coriolis force, which is a
@) -
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term is presen*, noticeable hydrost
ticnally, buovant £€z2cts whern

exis+ts,

1. 2adial szciicerns

Extending his research to a vartical tubte rctazing
about a perpendicular axis, Morris [Ref. 14] confirmed +ha+
the apprcximate solutions must include second-order terms by
studying low heating ra*tes and using a method similar to
Mocton, bu* including tangential terms as well as radial
acceleration tarms. He iden*ified <+the *hree componen+ts of
convection:

1) Forced convection due to “he externally-generated
pressure gradient,
2) Gravitational buoyancy in the axial direction, and
3) Rotational buoyancy due to centrifugal and Coriolis
forces. ‘
The relative magnitude of the terms dus to i*em 3) is char-
acterized by the Rossby number. This is a ratio of the
iner+ia force +*c the Coriolis force. Although the Rossby
nuaber exists in the vslocity and <temperature fields for
solu*ions through the second order, it has no effect on the
soluticnes for heat +transfer or flow resistance. Since a*
‘the neminal rotation ra*es and ecc2atricity that exist in
rotating electric machinery, *he centrifugal acceleratior is
much much greater than +the gravitational acceleration, the
former will dominate.

In th2ir 1968 <report on heat transfer 4in rctating,
radial, circular pipes in the laminar region, Mori and
Nakayama [Ref. 15] contirued their rasearch by evaluating
steady, fully-develcped flow with analytical techniques.

40

e TS

I A A R e R AR A AP i R AT S i Rl B e A )

YT




s -‘“'.'

y v v ¥
‘l“
i

O o}
S

a
>

L4

4

PRNAYLYY &
5¥5ﬁﬁ':;i.

4, ..l h r

N

Neing <hs roundarv-lazvar cconcept, they correlated ~h-=ir
cesalts wi*h exparimenta werk by Trefathen, They «c=ve

(¢}
O
H

2laticns for the (Nu/Nuy) cTeziz a
gular velocity, Reynolds, Prandtl, and
numbers for fluids with Prandtl numbers above ard below

ty (i.e., 32s=zs, liquids, glycerol, and liyuid metals).
Their s-udy confirms the stabilizing =ffect o0f th=s secondary
flow cn the critical Reyrolds number and notes *kat laminac
solutions =zare <%ill wvz2lid whern the Reynolds number is
considerably large (12,600 @ 2 =500 rad/s).

As a second report on the subj2ct of rotatirg radial
ripes, Mori, at al. [Ref. 16] evaluated secondary flow
effects due to the Coriolis force by assuming a boundary
layer alcng the wall. With experimental results and corre-
la*ions from previous work, they were able o show that the
effect of secondary flow 1is less in the turbulent region
than in the laminar region, although still on the order of a
10% increase over tte value without secordacy flow. The
correla<ions they preserted agree with their previcus rzper+
(Bef. 15] and with exrperimental results with air; they are
presented as a ratio c¢f Nusselt numbers based on an exponen-
+ial functicn of the Reynolds and Prandtl numbers and are
given for a wide range of Prandtl numbers including gases
and liquids.

Ito and Nanbu [Ref. 17] experimentally measured
fricticn factors for flow in rota*ing, straight —Fpipes of
circular cross-secticn, and compared their results *o %hose
of Trefethen and Mori & Nakayama. Their empirical correla-
tions for friction factor ratios for “wo ranges of Kt (where
K+ = J2/Re and J= gd2/ v ) are shown in equations (2.1)
and (2.2) for the turtulent reglion, Kt 2 Ktcr. These are as
follows:
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( 0.942 Rto.282, 1< Kt <500, (2.1)

0.942 Kto.os, K+>500. (2.2)

Below a XKt of 1, ttke fricticn factor practiczlly ccincides
with tha statiorary friction factocr given by Blzasius:

£ = 0.316 Re=0.25, (2.3)
Ot

For laminar flow, which cccurs when K%t is balow Ktcr, the
follcwing ccrrelation apolies:

f/fo = 0.0883 Kl90.25(1 + 11.2 Kl-0.325), (2.4)
1
vhere K1 = J*Re, Equation (2. 4) is wvalid fcr
2.2%102< K1 <107 and (J/Re)<0.5. The friction factor

withcut rotation is given by:

fo = 64/Re ‘ 4 (2.5)
1

Transiticn cccurs at:

K~tcr = 1.07 J1-23%1Q3 (2.6)
cr
Re =1.07 J0-23%103 (2.7
cr
for the range 28< J <2*103, Calculation of +*he pressure

drop would be required in +the detailed calculaticns for
design c¢f a cooling systen, especially of the c¢cl- .1,
rotating-loop systenm.
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Kuo, e+ al. [(Bef. 18] analyzed +he heat-tzurcisr
cravacteristics of water flowing <through a par<ially-filled
pipe which was rotating about its own axis and which was

ntained at a constant heat flux. They also summarized
the previous partinent works that wera available 2+t the tinme

) -y o
-

. ST

=

*he paper was written. The paper illusicztes hoo
siticen from g3ravitational %o centrifugal force is accempa-
nied ¢ty instabilities as previously discussed by Taylor
[Ref. 19] and (Ref. 20]. The authors calculated a critical
Taylcr number at which the Nusselt rumber changes its func-
tional dependance on the Reynolds number. The paper also
shows how the heat transfer is accomplished wi+thin a layer
around *re periphery of the pipe. A correlatien for this
f2lm thickness is provided, and experimental results confirm
its validity 2nd illustrate how +he increasing depth of the
film in *he ro*tating pipe, up to completely full, does no*
enhance the hzat +transfer beyond *he cri*ical d=2pth value.
The range <¢f the trTctational Reynolds numbers used in the
experimental work was between 4,000 and 20,000:; the enhance-
ment (Nu/Nu ) was approximately up to 240%.

Cliver [(Ref. 21] analyzed natural convection in a
horizental tube with no rotation, folleowing <+he work eof
Colburn (Ref. 22]. This study, while poin*ing out several
problems with the crigiral research and basic criticisms

rcted by Martinelli [Ref. 23], combines +the work of many
authors to obtain a correlation (equation (2.8)) for the
Nussel* numker in terms of the Graetz, Grashof, and Prandtl
numbers and the L/D ratio. The paper also points out +hat
the Grashof number wmust be evaluated using +*he temparature
gradient aleng +he fpipe axis instead of the gradient from

the pipe wall to the fluid wmean temperaturs.
Nu  (,/up)0 2% = 1.75(Gz_+5.6%10-%
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D 0.70}0.333, 2.3
(Grm~rm(L/d)) } ( )

The correlation 1is supposed tc dincorporcate the z%f:Z=
natural convection
tut

fleow is

along with
tha+t +he
the analysis

c o}

forced convectien by vscwor
addition, he nctes o] h
fluid

convecticn in
n

velocity orofile
critical in and +*ha= nz+ural

- - v e PR e N
tha casz of heorizentzl :tubszss gho:13 ke lonle-

t of L/D beyond the ertry region. For this corcer+, a
correlaticn is also provided f£ecr +he Nussel< number w

the 1L/D term:

Nu (uw/ub)O-!‘ = 1.75{Gzm

> 0.75 00333. -
+ 0.0083(G.m9rm) } (2.9)

The study vortices was
Pattend=<n (Ref.
about

of the Taylor contirued by
2471 using a horizon+*al (axial) tube ro*tatirg
Due to problsms in
the

temperature

its ouwn axis. the slip-ring appa-
g

ratus used in the experimental work, errors in the accu-

of ths
expcenents for *he
the

Qualita*ive analysis of the enhancsment due to tube rotation

rate measurement precluded specific

determination of Re2ynclds number iz the

correlation for heat-transfer-coefficient equat*icn.

was made, noting that +he axial-flow effects were small
the rotational effects. Taylor
neither ccnfirmed, nor dsrnied; the flow
effects that
Rotation rates were varied o a maximum of 4,000 RPM.
{Ref. 25]

9f buoyvancy on forced-convective

compared to vortices were
was sufficiently
the vortices

+urbulent o mask the

had.

may have
Mori, e+ al.
the effects
in horizentally-oriented,

investigated further into
heat transfer
heated tub=s with laminar flow.

His study extended the work of Graastz and Nusselt, and wen*
teyord “ke limitaticn of small heat fluxes such as *hesa
studied by Colburn, McAdams, Mar+tinelli, ot al., Jackson, et

ua
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D

ce bFetween the wall and tha flui
cccur with large h=2a*t flux. The change in vi
(

1
fe¥)
n

temperazure is approximazely covera2d with *he (y /ub }0.14

term in equation (2.8), bu*t ¢te effect of natu:alwconvection
has rct been includ=2d specifically. This effec* was shown
{Ref. 11] as a function of “he ReRz product; it is acpli-
cable in the range of PePRa less *harn 3,030, but within +his
range the effect o0f natural convection does not exceed
several rercent. Tre Payleigh number is a function of <he
four+h power o9f the diameter; therefore, the effect tha+
na*tural convection wmakes in small-diameter channels is
small. This illus*rates ¢that in the thin layer near the
wall, <+he *empera*ure and velccity change abrup%ly and are
quite differen+ £from tha* in the innar part of the fluid.
When the RePa product is large, the seccndary flow is strong
and the velocity dis*ribution in <+he =&zxial direction is
utterly different frcm th2 Poiseuills flow assumed in the
previous works., The Nussel* number is than calculated by:

Nu = 2aq/ k(gﬂ-gn) (2. 10)

where the =<stationary Nussel®* number for constant heat-flux
e

is:
Nu, = 48/11. (2. 11)

The experiments were conducted with air and fluids with
higher Prandtl numbers; they were cnly considering hea%*ing
in 2 gravitational field (no% an acceleration £ield due *o
rotation). In this case, +the 1layer near +he wzall becomes
thianer and the Nusselt number increases with *he increasing
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ReRa, The local Nusselt nurber for the experimern+tal crcrra-
)

is given by:
Na = 0.61(ReRa)9.-2 (1+1.8/ (ReRa) 0. 2) (2.12)

This study was extended into +h2 +nrbulent regicn, where the
higkest pecint of the tempara*ure distribution was found *o
shift in the directicn of gravity sligh<ly. In this caese,
the effect cf the secondary flow was no* as significant as
in the case of laminar flow. The Nuss2lt numbers calculzted
within this regime were in good agreement with thcse of
Colburn [Ref. 22], where:

Nu = 0.0204 ReO-8, (2. 13)

Mori and Nakayama used th2 theoretical analysis of
+heir previous research (Ref. 26] and (Ref. 27] on s*raigh*
pioes rotatin§ about a parallel axis [Ref. 28]. Analyzing
the body forces driving the secondary flow caused by density
differences in the centrifugal field and ¢the Coriolis force
with regard to the flcw, they used fundamental principles +*o
characterize the flow and temperature fields. This was done
assuming an effective secondary flow due +to buoyancy and
using the rotational Reynolds numbar. This would indicate a
rapid divergence frcm the results of Morris [Ref. 14] and
shows that Coriolis effects cannot be ignored. The paper
gave correc*ion factcrs as a function of Reynolds, <rota-
tional Fkeynolds, and rotational Rayl2igh numbers, and
concludsd that the Coriolis effects diminish with increasing
eccen+ricity (higher g-fields) to a negligible value when
the ReRa product is greater +han 10,000,000.

In 1968, Nakayama [ Bef. 29] further analyzed a hori-
2cntal, s+traigh+ pipe rotating abou:t a parallel axis. He
assumed, as previcusly (Ref. 15], that an effective

u6
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secondary £flow in fully-devzlo

tamperature fields existed, an
explicitlv., The cecrrela*ions he obt
of friction fac*ors and <%he ratio of Nussslt nupbers
valid over a large range of Prandtl rnumbers for beth liguids
and gases, as well as for a wide rarge of Reync
Grashcf numkers. The correla*ion for zhe Nus e
liguids in fully-developed flcw is:

¥u = Re®-8 pPro-+ (0,033 (Re/ T 2:5)1/30

(140.014 /(Rey 12:5) 1/6)}) (2.14)
where F = R222/13 (GrrPro-.6)-t2/13, The I +erm is “he
ratio of inertia force to body forcs. Inertia force is
represented by Re22/13, and the remaining ¢terms in T
rapresen* *+he body force. The body force is e€ither the
Coriclis force in +*he case of the inlet region, curved

regions, cr *ke radial arms, or *he centrifugal force in thz
case c¢f the axial <section. The numerical result of his
ccrrelations 4fo: +he model presented in Chapter I |is
included in Appendix B for beth +urbulert and 1laminar
lignigds.

Sieqwarth, e+ al. {Ref. 30) furthzr evalua“*ed the
effect that bouyancy-induced secondary flow would have orn
laminar flow in a heated, horizontal pipe without rotation.
His work shcwed clearly that secondary flows did exis+ due
to density variaticns and +hat ths heat +transfer was
enhanced by them as a functicn of the Grashof and Prandtl
numbers. This effect is somewhat negated in “he presence of
extreme acceleration as that in <the periphsry of a rotor,
but remains nonethelsss, provided the turbulence is below
the cri+ical Revynolds value.
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cf +the rota*ing cylindrical tube (Ref.
fully-develcped flow. Data were compared to ths thecra+ical

r2sults fer the case of air, wvater, and glycerol. The

n

correlation obtained i in terms nf +ha
a

Rayleigh-Reynolds-Prand+l prcduct as is givan by:
Nu = Nu, {0.262 (RaRePr)0.173}, (2.15)

The value for the test model is calculated and prescen*ed irn
Appendix B.

Stepherson again studied +this parallel, rota<ing-
ripe, heat-transfer problem for fully-developed turbulen*
flow, He compared his experimental results and corrslation
with the earlier work of Morris and Woods [Ref. 32)] and *hey
compared favorably within the turbulent entrance region. He
noted +*hat *ha rotational bucyancy was nct a strong factor
in +he secondary-flow in ¢the fully-devsloped region.
Because of thisg, his results, when compared agairns*
Nakayama's results assuming a strong =ffect [Ref. 29], 4id
not compare well., His correlation is list=2d4 bzlow:

Nu = 0.0071 ReO.88 J0.023 (2. 16) 1

and is compared with previous correlations for the +“es*
model in Aprendix B.

3. Eptrance Regions

In 1969, t+he Institution of Mechanical Engineers,
Thermodynamics and Fluid Mechanics Group, sponsored a2 sympo- !
siuyum, on the subject of heat *ransfer and fluid flow in
elec*rical machines. Included in the presentations was a

(LS SR N NN
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reper by Davidscn [Bef. 33], +wh
generatcr-rotor 4est rig fer ev
characteris+ics of hydrogen cool
tha* enhancement in the turbulent <flow regimes was nct as
high as theoratically predicted. It was hypothesized that
+he reason was the inability c¢f +the hydravlic-diamster
concert to accurately accoun* for *he flinw cecrnditions in <he
non=-circular ducts. The tests wer=2 able <%0 give a good
turbulent correlation with +*heoretical prediction wher the
cooling scheme was mcdified by short2ning the axial path.
This effect, although not explained, <c¢ould have been due to
the Coriolis swirl effect in the inlet regicn enhancing the
heat transfer above that +to be obtained in the fully-
develcped region.

The effects of the entry length, especially with low
Prandtl numbers such as those of gases, are very difficul+
+o eliminate and the Coriolis effzscts on +the heat transfer
m2ay be notel <even at high Reynolds numbers. As +he
Feynolds-Rayleigh prcduct increases above about 1,000,000,
there 1is a tendency for the amount of enhancement' to
diminish., This is attributed to the turbulent effects over-
iding the secondary flow enhancement. The offect of rota-
tion on heat +transfer is to enhanc2 it in the entrance
regions ty the secondary flow due to the Coriolis effects
and in the fully-developed, horizontal-tube regions by bucy-

ancy effects. A sirmilar survey of the technology was made
bty Petukhov and Polyakov in the USSR with much the same
resnlts (Ref. 34]. The heat-transfer problem in the

entrance region of a tube, where the Coriolis terms domi-
nate, is addressed by Morris and Wecods (Ref. 32].
Correlaticns are presen*ed for air and are applicable for
cther gases as well. Thess correlations, for both +he
laminar and the turbulent cases, are presented as functions
of the product of the Reynolds number and the
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notes that furthar work is required in the
ni

althougn 2 similar appzozch is valid, Mori ardé Haikavaeaa
also presented a survey of the stata-of-the-art *=zchnclegy
regarding <+hes Theat-transfer charac*eristics of rotating
pipes and ducts [Ref. 35]. The questions of the entr

a

effect and its length were ewmphasized as bainag
unanswered, but they gave a general guideline for deter-
pining “he extent of the zntrance r=gisn as app-cximately 20
*imes the diameter of the pipe. They also verified correla-
tions c¢f previocous works for helium and water.

4. comtinations c¢f Radial, Horizontal, apd Entrarce

5
-
tn

¢ presen+sd in the 1969 Institution of Mechanical
Engineers Symposium was a study by Lambrecht [Ref. 36},
which discussad <+¢he problems associated wi*h water cooling
of cotors. His paper summarized the theoretical considera-
tions, as w2ll as reviewed his previous work and the work of
fellew Germaﬁ researchers (Neidhoeffer and Ingenieure). Ha
noted the supzrior ccoling proparties of water and the size
and weight reduc+ion, along wi*h the improved efficiency of
water-cocled machines. He listed wvalues for <+he optimum
cooling duct size based cn the heat-transfer and
electrical-loss characteristics for various gasses. The
method used for optimum duct calculatior was based on the
principle that the pressure drop in the duct decreases with
increasing duct size and electrical 1losses increase with
decreasing conductor area (increasing duct size). A suit-~
able calculation of this type 4is necessary in any ¢final
design fcr cooling of these devices by any method devised
for either *the single- or the two-phase approackh.

In 1970, Sakamoto and PFukui measured heat- and
gass-transfer coefficien*s for air and o0il, specifically for
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» in ccoling rotating 2lectric machinas [Ref, 37])]. ¥o-ino
that the most effective ard economic m=2thod to incrzass <x:
Ecwer otizut ~f  2)actricayl  machines was o improve  Rhe
ccoling ¢f *he insulating material (=specially “h= To%*or
conducters and drums), a gecmetry similar to a

”
. &h?

in
tvpical roto:r
was fabricated and suitable coolarpts wera tzsted
convective heat transfer was characterized as a functicn of
+he L/4d, Re, 35rr, Pr variables, with the H/d parametasr held
cons*an-. When the shape factor of ecceantricity H/4d is
sufficiently 1large, the c¢entrifugal acceleration may be
assumed %o te a unifcrm acceleration (  2H) acting orn tha
tube axis, which is <similar to the forcs gravity sexerts on 2
hozizontal *ube. With a lcv Reynolds number, the empirical
correlation was in the form:

N

¥Nu = Nu_ (1+C(Rar) m,6z) D, (2.17)

where the values of +the constants were:

C = 0.03 m = 0.75 n=1/3
and where Nu = 1.86 (RePrd/L)0-33 for large L/d values,
and Nu = 2.67 Gz9-33 for small L/d values.

This was valid within #10% +o0 -17% €for Reynolds numbers
Petween 162 and 2,700 and rotational Rayleigh numters +to
20,000,000. It was also found that +the 1length of *he
entrance region seemed to have no 2ffect on the correlation,
which wculd imply +that a secondary flow existed in both
configuraticns. An interesting poin*t in *his paper is tha+
*he ro*ational Grashcf number (hence the rotational Raylsigh
number) was calculated usirg the temperature dJdifference
tetween the wall and the £fluid instead of the axial tempera~
turs gradient.

Roods and Mcrris investigated 1laminar flow in the

retor windirgs of directly-cooled, <clactrical machines in

1974 (Ref. 38] and no+*ed that 3if water was used as the

E
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ccolant in lieu
used), an e
Given tha* *ha2 0
the cnly conside
weight reduction and *he extended op=arating

due tc the cooler operation), +hey proceeded %o anralyze the
fundamentals of +he rroblen. They surveyed +he previous

works dirsctiy appiicadblie to *his zrea ¢

1) Morris {Ref. 14] used a series-expansion “echnigue
s

(valid fcr low rotaticn ra*2 and 1ow hea*ing rates), and

2) Mori and Nakayama [ Ref. 28] assumed a secondary flow
(vhich was claimed to be valid fcr high rotation rates), and
used an integral-type analysis.

Woods and Morris claimed bo+th were inadequate due *0 *he
restrictions imposed ty the nature of their solutions. They
attempted a versatile and "exact" sclution for laminar flow
in +he fully-devzloped region by solviang the governing equa-
tions wi+th a numerical procedure. Numerical solutions wer=
rresented for both +the fric+ion factors and 'the Nussel*
rumbers. Their analytical values werz compared with 2xperi-
mental results and to correlations of previous works.
Ciscrepancies were explained and the difficulty in ob*azining
fully-develcped conditions in the experiments of *heir work
ard previcus works was emphasized. The axial density-
variaticn e2£ff2cts wa2re roted, also, as a poten+ial for error
in +heir analysis at high values of rotational BRayleigh
rumbers.

Nakayama and Fuzicka evaluated +he generator
Froblem, whera reascrably large radii of roctors (approxi-
ma*ely 1 m) and high RPY (3600) <cr=ate high centrifugal
acceleration 2f£fects ([Ref. 39]. This acceleration causes
the centrifugal buoyancy term o be significant. It also
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curved inle+ ragisns,. Thzy prss2ntad correlations £5r =h:
ratin ntf frictinn factars anrd +ha patio oF Nussel+ rnanhars,
arriving at fricticon=-fzc=or ratics £or 2ach 2 the ~+hres
ragions (radial, curvsd inlet, and axial), and cemrare?d tha
results tc exp2rimen*al Az%+a. Their corrslations are listed
E2low:
£/, = 2.2 R0=0.33 (radial) (2.18)
£€/f, = 1.5 Ro—0.3 (coil end) (2.19)
-
- £/fc = 14.0 RO-9.8 (axial) (2. 20)

G
L |
.. '
LN )
s als

.

Nu = Re0-3% Pr0.4 (0,014 (Re/R0o2:5)0.124} (radial) (2.21)

Their ragcr+ confirms the resul*s of Nakayama's correlation
(equation (2.14)) for the axial sections.

The applicatior of the technology of rotating
cooling schemes is nct limited to the printirg industry and
elec*+ric machine area; extensive research has been devoted
to this field of study by the gas turbine industry. The
Advisory Group for Aerospace Research and Development®
(AGARL) held a meeting in September, 1977, at Ankara,
Turkey, to discuss High Temperature Problems in Gas Turbine
Ergines. Numerous papers were presented on the subiect
including a paper by W.D. Morris co¢n flow and heat transfer
ir rotating coolant channels (Bef. 40]. He used a selection
of experimental results to illustrate the influence of

v o -
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caise., Using the governing aquations, he illustra*ed heow +he
Navier-Stokes equations are modified to include ths

ation effects of the Coriolis forces and the centripetal
forces. Fer constant propertiss, these 2quations 4hen

hew a+ distances sufficiently downsireanm fram +he =n+cy
region, where the axial gradients of the veloci“y are n=zgli-
gible, +the elim +

the radial and tangential momentum egquations ca

inaticn of +hs pressure-gradient
g€es the
Coriclis terms +o vanish identically as a source for the
creation of secondary cross-stream flow; s<e also {Ref. 14].

In +he entry region, the Coriolis tarms interact
with the developing axial velocity and cr=ate seccndary
flows perpendicular to the axial direction, even with the
constan+ preperty ccndition. Finally, in the fully-
developed region, the =affect of +the -otaticn manifests
i*self only as a cross-stream pressure distribution if buoy-
ancy terms ar2 neglected. If the density is allowed to vary
with temperature, the centripetal accelesration <erms need
cnly te included as the Coriolis terms do not affect *his
action. This cross-stream, buoyancy-induced flow gives rise
to greatly-enhanced teat transfer and arn attendant increass
in flow resistance. The effacts of the eccentricity, with
regard tc the Coriolis terms, has lit+tle effect, ©provided
*ha+ the ratio of the radius (H) to the diameter of the tube
(d) is greater than 5 (only very small radius of rotation
will have any noticeatle ef fects).

Marto (Ref. 41] 1lists the papers presented a+ the
14th Symposium of the International Centre for Heat and Mass
Transfer (ICHMT) held in Dubrovnik, Yugoslavia, in 1982.
Papers 5f particular interest to this study included a paper
by Jchnsen and Morris (Ref. 42], wherein +“he concept of
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czn~rcipetal-acceleration-induc2é szcorndary flow was orcvsn
*o be c¢f li*tls importancs, ard its influeacz wzs sghawn %2
b2 tctally hydrastatic. Their work also confirm:
effect c¢f Coriolis acceleration with regard tc se<c
flows, especially in sscticns with relatively smnal
ratios. No quant+itative recommendations ware presentzd.

S. F¥low Transiticrns

Mori [Ref. 25] states, when «considering “urbulen+*
flow, that it is not necessary to consider the influsnce of
tuoyancy on heat transfer. The secondary flow was found to
suppreéss the turbulence level whan the <turbulence a%t <+he
inlet region was high and an empirical formula for the crit-
ical Reynolds number, in terms of ths Reynolds numbar and
Rayleigh number rproduct, was calculatead:

Re
cr

128 (ReRa) 0. 25, (2.22)
Contrary to this, vhen the turbulence a4 <%he inlet region
was low, +the critical Reynolds number was highar (7,700 vs.
2,000), and heating decreased the critcal value. The net
result was that when the ReRa value was high, the secondary
flow caused by buoyancy makes the critical value of Reynolds
pumber tend toward the same value, whether the “urbulence in
+he inle+* is high or low. In the case of low turbulence in
the inlet, <+he value for *he critical Reynolds number was
given by:

Re or = Re cro_/(1+0. 14 ReRa*10-5). (2. 23)
The graph shown as Figure 62 in the Krieth article [Ref. 13]
is shcwn below as Figure 2.1. This graph <shows +he h2at-
transfer as a2 functicn of both +he RPM and the flow-through
Reynolds number. It is easy to see the flow's transitional
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depandence cn the Reyrolds number as a functicen of PPM. For

R
+the experimentzl nodel being szvaluated, whers

_ R
E’ Rar=7,4702, <*he *ransition is delav-d to Be=11,000 <or *a=

i
o, ccrrelation that assumes high turbulence z+ the entrance.

' HEATING
ENTRY LENGTH NOT ROTATING
H0.0060
0.0050
- 0.0040 Fﬁjho RPM
A‘
4 N
=~ 100030 3 — B— ‘
Ll \
fs :' /\_ "—3400 RPM
- |
™ fo0020 ¥ 1900 RPM
L3
g |
10.0016  _&
<
-3
| Na, x 10
60 80 100 150 200 300 400 600 800

i 2.1 Ef t ti d
Figure in a gg atgggaggge%onal Spee

The transiticn to turbulent flow is suppressed by
rota*ion ard has Dbeen qualitatively noted by numerous
authors. An exact correlation for transition to *urbulent
flow in a rctating-reference frame with heating is nct known
+0 exis*. From the available literature, it is clear tha%
the transition follows a pa*h €rom the laminar corr=2la+iens
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to the turbulent corrslations, This path, in the cas: of
a

- b - o P
the retz%ing z2f2rencz, h

in a plo%t of *he Wusselt numbaer against the Reyrolds: murcer,
Figure 2.2, whareas in the non-rotatiang «casz, nc ‘'dip®
cccurs.
,l
V4
Vd /’
/.
p /
* %
’,_JL__.
where:
**2*
Re
=)
z
-Turbulent -Laminar Region -
Region -

(All Re, > 2300)

RPM
Rey; > Rey > Re, > Rey

Figure 2.2 Transitiopnal Characteristics of
Rotating Systeams. |,

6. Summary

Based upon the information raviewed in <+he li+2ra-
ture, it may be concluded that the three regions within *+
motor/generator application (shown in Figure 1.11) hava
different heat-transfer characteristics. J

t) In the radial section c¢f the coolant path, the Coriolis i
forces tend to dominate <the heat transfer and friction. 5
This effect is to enhance the hea* *ransfer and increase the
pressure drcep in these sections. The heat-transfer enhance-
ment is substantial and could be effectively exploited for j
*he heat rejection from the device by axial £fcrced-air ;
convecticn of the substantially-hollow, synchronous roter.
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2) Ir *he ¢¥il-end regians (heth z2+w the radial rceonre~sior
rcin*s and *h2 coil-ernd lcops) *ths Coriclis €arce =g c*+toions
and i3 cousl2d wita =hs sirene  cenvwrivecel forois. S
resul+ is enhanced heat-transfer and fricticn-facer
effects, but to a lesser degree than in ths radial sec+ioans.

3) In the winding bars, *he ceniripe forces do e

ra
these forces result in hydrostatic eifects which limit flows
that would be affec*ed by the Coriolis forczs and resul: in
some degree of seconcary £lcw due to buoyancy. The amount
cf secondary flow is questiorable and is somewhat affected
by *+he degree of turbulence and the amount erhancement is
less specific.

The enhancement in the 1laminar-flow heat transfer
has been repor*ed by numerous authors. This can be sezn in
Figure 2.3. Both th2 Nakayama (Ref. 29] arnd the
Woods-Morris [ Ref. 31) correlations for Nusselt numter fall
tetween the classical laminar value of 48/11 and the *urbu-
lent value cf +he Dittus-Boelter correlation. They have <he
same trend throughout the range of RPM shown and differ by
only a few percentage poin<s, MAoparently, the effect of
rotation in laminar flow enhances the heat transfer bscause
cf intense secondary flows dus 4o centripetal fcrces. An
interes*ting point is <that, at the higher RPM values, the
correlations of Nakayama, Woods-Morris, tephenson, and
Dittus-Bcetler all are exceptiorally close together.

The heat-transfer predictions for turbulent, fully-
developed, ©parallel flows are shown in Figqure 2.4. This
figure illus*rates that the resultant hea% transfer is some-
where in the vicinity of the classical turbulent correla*ion
cf Dittus-Bcelter for +he current model.
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Trte hea* *ransfer is either scmewhat =snhanced (on -he rrig-

¢Z 30%) in the lower RPM ranges (Nakayama [(Ref. 293 ), o=
somewna* suppressed ty +the high centripetal aceczl:zzatic:a
forces as shown by the correla*icen of <S<=ephenson (Ref. 43)].

The erharncement of *he heat traanasfez in +the Nakavama
correlation [Ref. 29] in ¢the lower RPM renge is assumed %o
te due to the residual Coriolis 2ffac*s from the entrance
reglons reanaining longer in the lowe:s centripstal accs
tion £i=14.

B HISTORICAL DEVELCPHENT OF THERMOSYPHON COOLING

The thermosyphon is a device that cr2ates the motion of
+he working fluid =soclely ty buoyancy forces. I+ has a
regicn where heat is supplied to the working fluid and a
region where heat is rejected. The less buoyant, cooler
porticn c¢f *h2 £1luid moves in the direction of the accelera-
ticn vector, while +the opposite is occurring for the warmer
portion. The +*hermesyphon also has a +*hird region, +he
coupling regisn, with problems of £f1luid shear, mixing ani
entrainment. Figure 2.5 i{llus*rates the conceptual arrange-
men+s of the three tasic thermosyphon sys*tems.

Kreith {Ref. 13] mentioned in his review that +the ther-
rosyghon i.2e, a 1liquid-filled contairer) had a great
poterntial fcr cooling of s2lec*tric ro+ating machinery. In
motors and generators, the use of a thermosyphon would
preclud= the necessity of using rotating seals, which have
marginal reliability in applications of high RPM 2nd volu-
metric flow. In 1973, Japikse [Ref. 44] gave a thorough
review 0f the literature regarding thermosyphon technology.
Beginning with a reference to the Davies and Morris paper
f{Ref. 453, which will be discussed in de*ail later, Japikse
categorizes *hermosyfphons as follows:
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1) the nezture of toundariss (either cpeneld or cloczs=
mass £low),
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2) the reginmse ansfsr

]
t

O o

o {pu 7
+ion cr mixed ratural and forced convection),

0]

|J

3) +he number and types of phases present, and

4) +he naturs of the body force present (gravitational

or rotationzl).

These troad categcries are +then <cCestric-23 to W,....2
prescribed circulatinpg fluid system driven by “hermal tuoy-
ancy forces."

The use of *he closed thermesyphon in ro*ta+ing refer-
ences, such as in gas turbine cooling, has been studied in
detail. In 1965, Bayley and Lock (Ref. 46] experimentally
investigated the perfecrmance cf closed thermosyohons. They
utilized the +heoretical develooment of *the open thermosy-
phon, modified the +heory, and experimentally verified +heir
results. It was shewn that the critical opera*ting parame-
ters include: '

1) 1length~-to-Diameter Ra*io. This =zratio controls <the
characteristics of the flow and determines the extent of the
coupling region.

2) Heated-lLength-to-Cooled-lLength Ratio. As this ratio
+ends “oward zero, the analysis is identical to the open
thermcsyrhon correlations. This restricts +he use of the
analysis for +the clcsed thermosyphon to Lh/Lc ratio +to be
not much greater than one.

3) Coupling Regicn. This is the region that compli-
cates the analysis and causes the Prandtl number to affect
the heat +ransfer. It exists in three distinct modes:;
conduction, convecticn, and mixing. These arz regarded as
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ermosyobnon tecknology wes alse zpplied to trzasficozzs
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cooling, nuclear-reac+er ccoling, hea+t-gxchanger £ins, zcae

and industrial furnaces, <cryogenic <cool-down agppara%us,
on

steam *ubes €or bakers' ovens, internal combusti engine
cooling, and envircnmental control in *+he space vehiclz
program, as well as many others m2ntiozed in “he Japikss

article.

In 1971, Bayley and Mar+tin ([Ref. U47] also reviewed the
state-cf-the-art <technology, with particular =mphasis on
gas-turbine applicatiens. They studied both the cper and |
closed thermosyphon systems. The use of an open thermosy-
rhon system ir a rotating reference, such as in gas *urbine
ccoling, as well as in the cooling of electric, rTotating-
machinery area, has rroblems regardinrg the fluid selection
ard its saturation *temperature and pressure. In the open,
rotating reference system, the region that receives the heat
is n1nder high acceleration forces with high resul%an: pres-
sures, As <+the natural £low due to buoyancy occurs, +*he
heated fluid moves frcm a high pressure to a relatively low
pressure area wvhere a phase change +o vapor may occur,
possikly even explosively, blocking the flow. They intro-
duced the idea of using +two-rhase coolirg wi+hin the closed
thermosyrhon as a way of exploiting this phenomenon, by
using the high heat fluxes associated with the latent heats
of evaporation and condensaticn and the 1lower temperature
gradients associated with the phase change procsesses. This
also has an added benefit of reduced weight over ¢the
single-phase 1liquid systen. They noted that further
research in +the area cf the Coriolis force effects on the

heat-+transfer chacteristics 3in a rotating r=2ference needed
to be accomplished.




[
L

LA

o

RIRT

P CETETRTL TN

uoyddsou.tayg dool pdsold dUlL

-s3usmabueiiy uoydisowlayl SnoTIep

uoydAsouaayy, pasold dUL

/[ -

<

[4

I= "L < &= &

—ll!lnl..lr; mul.lf_
) N\
| o
1 aa
N :
¢ y |
!N :
suetd 1: m b~ 13D
L7 N
uotbs ¥
yoxa -]
|
u:O&?\\
T

p1aTd

\

uoT13eIdT300Y

Gz oanbtd
uoydAsouasyy uado 3yuL

- e

ut

O

ITOAISSDY

.......

64




© .
T
.

4 Cla s
- B

RIATR

P4

a8,

AN,

P

. e g
. RN
LN .l"‘q.‘ui (AL

! TR .()L.‘L

o'l

AR \ N \:.\:-\..\-.\... R

Applyine <he technology of th2 tharmosyphon *tc =z
machines, Mczris and Davies [Ref. 45)] adapted *he priaciples
0f *re <closed tharmcecsyphon to 2 cleos2d rotating lcon +
could be placed into the rotor assembly of =an electrical
device. This confiquration avoids +he entry <chocking and
mixing +*hat occurs in tha +typical closed thermoszyphon z2néd
gensrally avoids the complex @aid-tube exchange process, 2as
well as +the adverse core-bourndary layer intsraction. The
strong acceleration force present in the psriphesry of the
rotor of electric rotating wmachinery, coupled with the
heating due to the electrical 1losses, induces stong loop
circulation. This heat can then be rejected 2ither to the
shaft of the rotor ac*ing as a heat exchanger itself, *c the
air npassing through the hecllow rotor region and +the air
passing through the end-bell region cf the ro*or ends, cr %o
both. The shaft, acting as a heat-exchanger itself, can be
ccoled with an internal, ro*ating hsat-pipe (or *+wo-phase
+hermosyrhon) which could transfer .the h=zat axially to
another heat sink outside of +he motor/generator casing. As
ar alterna*ive, the shaft «cculd be internally cocled by
fcrced convection of water (¢r some other £luid) +o an
external heat exchanger through th2 nacn-coupling end of the
shaft by *he use of an axial rotating seal. The reliability
and the casualty-control aspects of +he axial rctating seal
make i* preferable tc the radial ro*ating seal mentioned
earlier.

Theoretical analysis of the loop-flow has used simple,
ore-dimensicnal force and energy balances, and need nct b=
repeated here, The closed loop is shown in Pigure 2.6 as
ccnceptually applied to a rotor. 0f course, numerous loops
vould be designed into +the rotor to carry away the heat
generated. Incorporaticn of a one-way valve was suggested
as being necessary tc¢ insure one-directional flow creatsd by
the mean temparature difference and the pressure differences
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Figure 2.6 Rotating Loop Thermosyphon for a Rotor.

in the limts of the circuix. Experimental testing wvas
conducted in a2 test rig similar to the rig proposed for the
evalua*tion of the systems studisd@ her=2in and now under

fﬁ construction at DTNSRDC. A modest range of rotation rates
_'j was employed in the Mcrris and Davies test rig, typical of
N most mctcr applicaticns, The details of their tes*t section
g? vere very similar tc¢ the model used for analysis herein:
E}% 25.4 mo (one inch) diameter copper rod through which a 6.35
l.*kul . "

DA ma (0.25 inch) hole was bored. The experimantal results
Fﬁ? were fplaced in the form:

or

Ej: 66
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e = Z{G-z.Ro,PC-,AcC).

The ratic of angular acceleration to gravita<tionel accslsza-

34

tion (Ac) was the authcrs' way of incluiing the rotaticnal
effects (previous authors have usad the rotztional Grashof
rember). The final correlaticon was:

Na = 0.1505 Ac0.735 Re2.45 pPr/Gr (2.25)

for the range of 103< NuG-/Pr <106,

The critical censidsration in the analysis of +the
closed-lcop thermosyphon is the temperaturz rise in +he
heated limb (conductor bar) . The model described in Chapter
I was analyzed by using the governing relationships from the
Davies and Morris [Ref. U45] paper iterated against +he Wocds
and Mcrris [Ref. 31] corralation for laminar, fully-
develcped flow in a heated circular tube rotating about 2
rarallel axis., It can be seen from Figure 2.7 that the heat
+ransfer increaseg with BRPM (the higher acceleration

TABLE II
Temperature Rise in the Clossd-Loop Thermosyphon

ReM Iemp. Riss( C)*
300 209.0
1000 93.5
3000 41.0
3600 35.5
5000 27.0

* for a cold-side temperature of 45 C.

effect). For +he c¢ccnditions on the model which constructed
Figure 2.7, the values of temperature -ise 1s shown in Table
IT for various RPM's. This <c¢learly shows “hat this method
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f: of coeling, if selected, would be irapproprizzts fno- <he

- motor device (i.e., lcw RPN); on ths other hand, i< econl?
ke very r=ascnabla: £¢r the gengrazors, The frichliin Zavio.

was assumed +3 be 6U4U/Re and no correction was mn2d:z for =h=
rotation in <the friction-factor calcula*ion: +he minor

lesses were naglected. If the friction factor is increased

due *¢ +*he retation, a2s in equarion (2.4), and minecr losses
(Laminar) are included, the temperature <cTisz will b=
increased slightly. Tha trend will be +the same 2nd the

temperature rise at the higher RPM's will s%+ill ke accep-
table. The actual design of the closed-loop thermosyphorn
will r=2quirs an optimizetion of the heat-transfer calcula-
+ions and the fricticn-factor calculations. This op+*imiza-
tion may indicate that a larger, single, closed-thermcsyphon
loop for a conductor bar group is preferable over individual
conducteor loops.

C. ADVANTAGES/DISADVANTAGES OF LIQUID COOLING

The main objectives of coolirng are to remove +the Leat
created by the electrical josses and improve the cperating
fficiercy, extend the lifetime of <the insulation, and
reduce the overall weight and size of <the device. The
feature cf 1liguid cocling (vs. gas cooling) is *he superior
capacity of liquids, especially water, to remove heat with a
small rise in temperaturs, . The principle disadvantage of
using liquids, or gaseous fluids other than air, is the
design of the piping, coupling, and secondary hea* exchanger
required to support the device cooled by *the fluid. Since
one of the main objectives is to reduce weight and size, the
fluid chosen must be able to remove erdough heat per unit
mass to accomplish this goal within the davice.
Addi+tionally, since the abplica*ion under evalua*ion is
marine ccmbatants, tte fluid should be noa-toxic, ard *he
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system <cheould be Adurabls enough +*o withstand damzgs an?
naintain operaticnal safely. The popular £luid %t¢ da%*ge in
land-taced irstalla*ticns has been hydrogen which is clearlv

an unacceptable choice for the marine combatant due *c its
explosive nature and since the size reduction c¢b*ained is
not sufficient +to warrant system developmen*. Ccf *he
remaining fluids, the obvious choice for Zits high theat
capacity, availabili+ty, &nd safety, is water. The uss of
water has been +a2sted both in stators and, on a lim

scale, ir rotors.

n

The principle problem to cvercome in the use of water i
in the rotacy seals needed *o dirsct the €£luid intc/cut of ‘
tha pachine. Addi+ionally, when *he sys*em inside the

'

device is analyzed, +*he ability of a design to withstand !

damage is questionable. The design would be critically
devendent on the fluid within the rotor for opsration, even
in a2 casuvalty mode. The supply of cooling wa*ter to a stator
would no* te as «critical, since any casualty could be
rzpaired easily with shipboard damage-control equipmen*t, and
emergency cooling of a s'tator could be accomplished by
external means due to the thermal conductivity of the stator
housing. For the rotor, +this leaves a choice; either not

Yatats

utilize *he enhanced cooling and suffer the wsight and size

e d
. 3
st at

penalties, or develop a clo-=d system for cocling the rotor.

v
0
.

The closed system for the rotor is not necessarily isolated.

N

IR

A closed-locp, thermesyphon could be placed in the ro*or,
+ransferring the hsat from the rotor to the rotor shaft.

*
N

;ﬁ This locp could have additional heat transfer to air passing
fﬁ through the core of the rstor. Further, +he heat +rans-
ﬁ; ferred to *+he shaft could ke removed to the anmbient air or
Ef an external heat exchanger utilizing the non-coupling end of
h{ +he motor ty the use ¢f circulating water through the shaft,
tﬁ cr by a rotating heat pipe as seen ir [Ref. 48].
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been studied by numercus authors, is +he use cf hea= rciges
cr cleszd, “wd>=~phase +hsrmosyphons. In *tis ecase, *hz haat
is “ransferred from the ro*tor to air cir
end-bell arcas of the device. This meth

O a
L o
O
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O
A
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grea*tly enhances +*le survivability of the de
damage-ccntrol sense. Pach hga* pipe is indepe
others and damage to a few, unless all in the s
adjacent conduc*or bars, would not jepardize
indeed, even if all were in the same group, 1limited opera-

tion could continue.
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III. TWO-PHAS

PLUID COQLING

The concep*t of utilizing t+he latent hsat ~f vapcriza*ion
tc “ransfer hea* is widely wused in heat exchangers every-
where, frem housaheld and industrial boilers and space
hea*ers *to marine prcpulsion units. Air-conditioning =2guip-
ment and heat-pump units also employ this idea to advanta-
geously utilize <%the 1low temperaturz of vaporizatiern of
fluorc-carben compounds to remove the heat from the ambient
and release this thrcugh condsnsation under pressure, thus
transferring *he heat in the desired direction at the cost
of the energy to pump and prassurize the gas *o the point of
condensation. In e2ach of these two-phase applications, the
tcansport of the working £fluid may raquirs a pump, or i+ may
te acconmplished by +the buoyarnt forcs that =2xists in an
accz2lera*tion field, =such as that due to gravity. This is
the principle that is employ=sd in the closed two-phase ther-
mosyvhon. This device is similar. to the classical "heat
cripe" and the only difference is that <+he "pumping™ method
in *he heat pipe uses capillary action instead ¢f accelera-
tion forces to pump the fluid. Thus, a "heat pipe"™ used in
a rotating reference utilizing the acceleration £forces to
transport +tk2 ligquid from the <condenser section *o the
evaporator section (in lieu of a wick) is, +technically, a
two-phase thermosyphcen. FPigure 3.1 1illustrates the opera-
tion of the closed <+wo-phase thermosyphon. The evaporator
end must be in the direction of the acceleration field for
the liquid +¢o be transported from the condenser. Figure 3.2
illustrates *he operation of the heat pipe, which utilizes
the capillary action of the wicking material to +ranspcrt

Lﬂé +he 1liquid from <the condenser %£o the evaporator. The
i;' remainder of the <chapter shall use these definitions for a
%% . discussion cf bo*h devices.,

.3{
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Acceleration Field

Pigure 3.1 Typical Two-Phase Thermosyphon.

Acceleration Field Not Required

Vapor Flow

Pigure 3.2 Typical Heat Pipe.

A. HISTORICAL DEVELCPRENT

The development cf the heat pipe (which will apply
equally *o *he develcpment required for the tvo~phase ther-
wosyrhon) was begun by Gaugler (Ref. 49] in 1948 and by
Trefethen (Ref. 50] in 1962, Trefethen was working on
cooling methods for spacecraf: (zero-g environment) for
General Electric Ccmpary and discovered that capillary

73

..... P '.'~-.'~}‘- LIS TN e

AR A R e A LR A ARALSTRAS I P DA TA A A i A A R R T AT L T AW WL YN R YL Wy

A A RS " |

Ay e e S T e e T e N e e e e T -'.1



.......

cumping can be a very valuable area for further develecpman<.
Working independently, Grover, =t ali. {Ref. 51] z=invsrnzsd
this concevt; hz widely published the £irst zpplicaticns ¢
the device 2nd gave it i+s nanme. Kraus, et al. [ Ref. 527
have repor*ed this thistorical development and have given
sample calculations for the design of a hezt pipe. Chi
[(Ref. 53] also reviews the +theoretical development of hea<

pipes, and provides the design procedur=zs, including =izl

1)

calculatiens, for their u-iliza%ion.

B. CONVENTIONAL, CLOSED TWO-PHASE THERMOSYPHON ANALYSIS

As previously mention=sd, the appealirg factcrs associ-
a*ed with *he +wo-fphase wutilization include: high heat
fluxes asscciated with phase changes, lower <+‘emperature
gradients associated with these processes, and reduced
weight of the two-phase system over the single-phase liquid
sys-em.

Research by Cohen and Bayley [Ref. 54] (referred to and
discussed by Japikse ([Ref., 447 ) found that the amount of
liquid £illing the system functionally affected to *he heat
transfer in both rotating and static tests. They found *hat
heat transfer increased as the percent liquid in the systen
was increased <to approximately 1.5% by volume, then
decreased *o an intermediate value, and finally increased o
approximately the same value as in the 1.5% cas=. This was
related to tha following process: in the low f£filling situ-
ation, cordensate returns +o the evaporator section and
forms a thin £ilm on the walls. It is in this film that the
hea* transfer occurs and the phase change takes place. In
the case of the completely-filled evaporator, a liquid pool
region develops, and a condition of nucleate boiling exists.
If the filling is insufficient, with ra2gard to the heat flux
being transported, the pool/film will no+%* continue to the

74




1 @

B

- »
ORI

A AL

14 g
!

Ly

2
=

end cf =he heated section and "dry-out" will occur. T

H

"dry-cu+" will assume a drop-wise inst=2ad of film-wiss pias

iWwh

change, Trte geometry of ths regions in which the films ars

likely *c form, influenc2s the results.

Lee and Mital (Ref. 55] conducted experimen+ts with an
electrically-hea*ed, water-cooled thermosyphon using water
and freon as *he test fluids and varied the £illing quan-
*ity, Lh/Lc, pressure (or Tsat)' and heat flux (Lh/Lc
ratic ¢f +the length of the h=2atsd section +to the cooled
section). The result of +the filling gquantity on theat
transfer was the same as *ha*t reported by Cohen and Bayley:
increasing heat transfer with filling <to a point ard then
decreasing keyond that value to an intermediate value and
increasing to the case o0f the completely-filled evaporator.
The effect of decreasing L,/L, was to increase the heat
transfor withir the range 0.8 to 2.0 and the advantage of
larger ccndenser area was evident, The heat-transfer coef-
ficien*t was found to 1increase significantly with incr=sasing
mean fprsssure due *to at least thres factors:

1) since the mass flcw for a given heat flux is nearly
censtant and density of +he liquid increases with
pressure, a lower pressure drop (and lower AT) is
necassary fcr the same heat flux;

2) for a larger P varies much more rapidly with

o]
sat’ “sat

Tsat for the f£luids considered, hence requiring smaller

A1T's at higher pressures; and
3) for lower pressure drops, a more favorable force balance
exists on the condensate film permit*ing a faster liquid

return.

Water was “ound to give hea* fluxes superior to those of
freon, for for the same AT, du2 to the larger values of
latent heat of vaporation, and *thermal conductivity.
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Lee and Mital [Ref. 55] also considered the araly=iczl

vproblem ¢f pr2dicting the maximum heat-transfer ratzs for a
laminar fila, constant-wall-tagpersaturs condsnzzr 3x? =
constant-heat-fliax evaporator. Neglecting *he forces due to
vapcr pressure drop and momentum changes, and using a2 forc=
Ealance on the falling £ilm, balancing the effects of
gravi*y and fluid shear, they related th2 mass flow rate %o
the hezt flux. Using a local enerqgy balance and an overall
energy talance between the condensing section and the 2vapo-
rator secticn, +he fcllowing relations for the heat trans-
ferred (g) and the saturation temperature (Tsat) were
cbtained:

q = {pzashfg/zu L,9.1¢ (3.1)
ard

q = (k(TS-Tc)/(RLh/LC)}C/D ’ (3.2)
where C=1/8- 12 y2 « 3/8 y* - 1/2 y* In vy ,
D= y4lny (/2 1n y2 -1/2) + 1/8 y¢ +y2(1/2 1In y -1/4) =1/8
and vy = 1 - 4/R. The simplifying assumptions (forces due

to vapcr shear and momentum changes were neglected in ths
force balance) <cause an error (of as much as a fac*or cf 2)
to occur, but qualitative Dbehavior is correct as €far as
Ly /L., Tsatand wotking fluid are concsrned. This develop-
ment is also included in the survey by Japikse [Ref. 44].
This heat transfer is graphically presented in the Lee and
Mital paper in their Piqure 12, shown here as Figure 3.3.
This clearly shows that the guantity of heat that can be
removed bty a two phase water device is large, even at a low
sa*uraticn temperature. The report also indicates that for
vatar +*he d4ncreasing ratio of heated length to cooled
length, L+, decreases the maximum heat transfer. The heat
transfer is also very sensitive +o the operating pressucs;
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Figure 3.3 Compariscn of the Experimental Results with the
Analytical Prediction-from Lee & Mital paper.

the heat-*rarsfer coefficient increases appreciably with the

mean cperating pressure. The temperature drop increasses
with the pressurs drcp alcng the length of the thermosyphon
tube (and “he sa*urat*ion pressure gradient). As th2 pres-
sure increases, +he wvapor specific volume decreases,
resulting in a decrease in the pressure drop; the mass flow
rate of *he vapor is essentially constant for transferring 2
given heat input rate. In %*he previous papers, the
ver~ically-orien+ed thermosyphor was considered and the
current godel (for scme of the orientations) requires the
device to be oriented in *he horizontal direction (perpendi-
cular to the applied acceleration field). Although the lee
and Mital paper was considaring a vertically-oriented, +tvwo-
phase thermosyphon, the general results are *he sampe £or the

horizental tube.
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C. LINITS OF OPERATICN

i)
n
(e
3
rh

When consid=zring +he d=2sign of a two-phase thermesv:iten,
or a hea* pipe, liasitations to the heat transfer anust b=
considered; four of thsse limits are common *o tot

(sonic, entrainment, toiliprg, and condensing). A q

tive <ccrparison of these heat-transfer 1limitaticn

4
n
¥

S
fanc*ion £f *he saturation temperature is given in [ Ref. 48]

and is shown in FPigure 3.4.

ENTRAINMENT
LMIT

CONDENSING
LMY

HEAT TRANSFER RATE

SATURATION TEMPERATURE

Figure 3.4 Operating Limits of Rotating Heat Pipes.

The sonic limi4 and the boiling limit have bzen readily
analyzed. The entrainment and the condensation limits are
rot as well-known and little, if any, 1literature describing
these rhenomena exist. This is an area in which furtkher
research is needed.

t: the vapor £low in a two-phase <closed

e

1)
systen

onic

b
He g
l

on iz
s limitad to the sonic velocity at <+he operating
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pressur2 (also known as the "“choking" limit). The sornic

limi+ is represeatzd Ly:

= mh =n A Vh

s ’ !3.3
mnax £q v v s fg

where v is the sonic velocity of the vapor. This limiting
velocity may be determined experimentally, computed by *he
relationship Vs=((3g/3p)s}1/2, or zpproximated by <ha

rerfect-gas ra2lationship {YRTsat}l/z.

2) Entra2inment limit; the interfacial shezar between the

liquid and +he vapor will held <+he liquid (which is flowing
in the opposite direction) back and starve the evaporator
secticn ¢f 1liquid. This counter=-current flow, when the
relative velocity is large, causes the interface tec beccm2
unstable which results ir waves at the interface. As the
vapnrr velocity <continues tc grow, droplets of 1liquid are
formed at the liquid surface as the shear force exceeds the
surface-tension force. The formation of these droplets and
their sutsecuent entrainment in +h2 vapor stream causes the
rartial or total stoppage of the €£low (dry-out). This
phencmencn is generally governed'by the Weber numker (the
ratic c¢f the inertial force +to the 1liquid surface-ternsion
fcrce). The Froude number 3is also used “» characterize the
phenomenon cf the drcp-wise entrainment of the liguid in the
vapor streanm, In the application considered herein, the
formation ¢f the waves 1is considared unlikely due to the
extreme acceleration field present. Since the flow is
coun*er-cur-ent and is in the preserce of a high accelera-
tion £field <the entrainment limitation thus will reduce to
the "hold-up" 1limit. It will remain stratifi=d until
hold-ug occurs, resulting in evaperator dry-out.
Experimental determination of the exact correlation for the
hold-up, or entrainmen*, 1limit is required for a horizental
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tubes rotating around a parallel axis, thereby «crza*tirg z

perperdicular acceleration fisld wmany +times greater +“han
qravity, The en+rainmer+ limpi+ is gen2rally givern by:
Qnax*NegPvAviee (3.4)

vhere V_ is when the Weber nunmber equals unity, +he Froude
number ;quals unity, or is experimentally found. 1In anctther
approach, Jaster and Kosky [Ref. 56] used the ratio of <he
axial shtear force of the vapor flow on the liquid surface t¢»
the gravitational (accelertional) body force upon the liquid
(defined as "F") in order to arrive at an appropriate
"hold-up" criterion. They correlated 2xperimental da%*a as a
function of this "P" value, as the flow they were studying
transiticned <from stratified +to annular. The result of
their exrerimen*s was that the flow was stratified for ®pw
values below five (5) and was fully-annular above “wenty-
nine (29). The value of "F" set eoqual to five (S5) was
established as the criterion for the transition from strati-
fied tc annular for the co-current flow case. The sams type
of analogy was develcped by Collier and wWallis [Ref. 57 ] who
balanced the inertia force and the acceleration force ¢to
scale stratification effects where their criterion was given
as j* (veclumetric flux) equal +o 0.25. Both of these refer-
ences point out +he need for further rasearch in this area.

3) Poiling limit: Again, as discussed in +the firs*
section cf this chapter in the general discussion on two-
phase thermosyphons, <+he boiling limitatior in the curren<*
application is due tc the <creation of profuse nucleaticn at

the evapcrator section and a resultant vapor film on the

%

,:{ evaporator surface which insulates <ths evaporator wall,

;Qj resulting in 3ry-out and overheating. The boiling limit is

,ﬁl given by <“he Zuber-Kutateladze prediction as discussed in

g! (Ref. 48] and is given as:

o

“ ‘..
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er limit; The capacity of +h2 condenser is

m21y parime*ers, such =zs the geome*ry, +he

n the orientation of the vessel with respzsct *o

tha acceleration field, and the operating condi:ions. The
crienta<ion of the vessel, for the model considsred, is :tha+
cf a horizental tute (perpendicular +to the acc=2laration

fi2ld) with internal cordensation. The condeasing limi% is
+he capacity to condense the vapor on the inside surface of
the condenser section, and this is shown in Figure 3.4. No
aralysis on the outer surface is presented in this thesis.
Instead, the condenser limit is based osr *the capaci*y of the
inside vall exposed to condensation, using an arbitrary, but
reasonable, wall temperature. IGene:ally, ~he largest
thecmal resistance cccurs between +the ambient and <he
ccndenser cuter surface. Therefors, heat transfer is
limi+ed Ly *his resistance unless the outside surfacs aresa
is substantially increased by the use of fins.) The
condensing limit is gqiven by an equation from [ Ref. 58] by
Collier for a horizontal tube with internal condensation in
a gravitational field as:

o Q =R ATF {(o, (p,=p )3h_ k_3)/

o max v C[ °1 %1%y fqg £

.

e

o Dui (T =T, )}/ o, (3.6)

Y W1 Psaf

'@

C; For the rota*ing referenc2 being considered, “he "g" term in

l\' [ i3 (3

tﬁ: equa*ion (3.6) is replaced by the centripe*al acceleration

-~ of o 2?R. The factor "F " in %this equation, llows for +the

o0

f\ fact *that the ra*e of condensatior on the sta*ified layer of
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liguid Zie valua of "F " 3Jzpends orn =2»
angle  and is tabulated in {Ref. 58]. I+s
full (no surface

from zerc, when +he tubz is

condersaticen to occur), =o 0.725 , when the <tub2 =2mp=y. Th=

angle $ is shown in Figurs 3.3,
Figure 3.5 laminar Condensation within a Horizontal

Tube (£rom Collier).

1. Comcu*at‘on of Heat-Transfer Limit

I

The calcula+tion of these limi%s is an importan+* stepo

in thte design process.
The calculaticns required to analyz:s the ccnfigura-
mcdel are not all well known. The

be the

tion of the current

following appear o most applicable to the nmodel

being evaluated:

----The sonic limit calculatior is from basic principles as
(3.3)

increase *o the Mach value of unity.

shownr by equation by allowing the vapor velocity to

----The boiling limi+* is given by the Zuber-Kutaieladze
predicticr as discussed in [Ref. 48] and is given by egqua-
tion (3.95)
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----The c¢ocndensing 1limit Is givea by an saguatieon frox
{Ref. 58] ky Collier in equazion (3.86).

The literature reveals 1no corralatiocn yet for <hs eniviin-

’J-

ment limit in the heated, herizontal tube reta=ing abcut a
parallel axis with ccunter-current flow. Sincz the majority
cf analyses previously corducted for +this type of flow hLave

shown  <“hat *the ceatrainment limi+ 1is <*“ypically bhelow *he

'-‘n

sonic ard above the ccndensing limi:, <the correlations
previously mentioned have been plotted agains* the amount of
fluid that is charqged in the tube (percentage £fill) for the
three reasonably krown values (sonic, boilirg, and
condensing 1limits) in Figure 3.7. 1lso shown is <he
entrainment 1limit ccmputed from the Jaster ard Kosky
[Ref. 56] correlation developed for co-curren+ flow.

As was previously noted, the condensing limit is the
factcr that is the mcst limiting in the design of +he %her-
mesyphon. Th2 values of Q... are increas=d to a maximun
based on the 1length of ths condenser, the percentage fill
and the A T availatle between +he constant temperature
(assumed) wall and the saturation tempefature of +the vapor
condensing on it. As already mention=d, the resistancz to
heat-~transfer afforded by <the condenser outer walls +o the
ambien%t may b2 quite significant. The ability to design an
adequate fin arrangemen* and supply cooling air in suffi-
cient gquantities, whils mirimizing +he windage 1losses,
itself is a substantial problem. From the data obtained ir
this rough model, tlere are some self-evident points to bz

considered:

~-=--The length of “he condenser, <from a heat-~transfer onint
cf view, determines the heat-removal poten<+ial,

--=--The amount of liquid €ill can be optimizeg@d,
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--~-The temperature at which the walls of the corndanssz zze
o)

(-. ,n *

mair*ained and +the t=zmperature at which “x2 “harwm
operated ars cri*ical &s this <temperaturz diffe-ance Ls -hs

driving force in the hea* transfer.

ﬁ; For the model being evaluated, and neglecting (as

-

the 1limitirg valuse) the entrainmert* limit, trthe clesed,
+wd>-rhase “hermosyphcn, operated at a satura*ion “amrpzrature
at, or above, 100°C and with +the condsnser szc-ior k

wall temperature of S0°C with rotation at a 0.381 m radius
and 3,600 RPM c2n transfer <+he required 50 W of pecwer with
the cordensing limit beirg the 1limiting value. Figure 3.7
is btased on a heat load of SO0 W to be =qually dividaq
between ccndenser sections in both end-bell regions (i.e.,
approximately 25 W each per condenser). For the 3600 RPM
rodel the percentage £ill may increase to approxima+z2ly 40%,
and still maintain *he required heat flux. The effect that
the RPM has wi*h regard +to the temperature rise in +he
heated section, makes the chcice of the clcsed-loop *hermo-~
syphon »cor for the motor application, but quite suitablse
for thes generator. Further Dbackground on the theory of
twoc-phase flow is available in publications by Wa2llis
[Ref. 59] and by Collier & Wallis in [Ref. S57]. The feasi-
bility of the design has been shown by Corman and Mclaughlin

{Ref. 60] and by Groll, et al. (Ref. 61] *hrough experi-
ments with hsat-pipe cooling of elactric motors in the
scheme primarily reccmmended, although the difficulty of th2
Lj liquid transport at lcw rc*ation rates was noted. A diagram
: of the cooling scheme such as recommended and tested by
ﬁﬂ Corman & Mclaughlin and Groll, et al., is shown in Pigure
e 3.6 (reproduced from [Ref. 60) ).
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IV. CONCLUDING SUMMARY

As discussed in the paper by Greenz, =t al. [(Ref. 62],
+he need for elactric propulsion 2f minimal cost, volume,
and weigh* is well known and wmotivated by the inherant
advantages of +this +typs of propulsion. A significant
constraint to be overcome in the devalopmsnt and manufacture
cf these systems is the rate of heat removal frcm <these
devices. In 1976, W. D. Morris [Ref. 63} mentioned +¢h
increasing the 1load per unit weight of +th2se davices
demanded that the inherent heat created by the in%ternal
losses be removed via improved coosling *echnigues. Merris
also elatorated on +he "“complex arrangement" of the ducting
ard asscciated equipmert required to accomplish this
increased cooling. Further, he stated tha+ "Thare 1is
currently insufficient technical information availakle with
which to make confiden* predictions of +tha effect of
Coriolis and cen*ripetal acceleration on flow resistance and
hea+ *ransfer in the complex coolant circui%s...". Siac=
then, Mcrris and his co-workers hava attempted to £ill the
literature gap in this area, and have uncovered a great many
facts regarding this flow s<%ructure; thsy have alsc uncov-
ered a grea+t many questions for further research.

As shown as early as 1955 in an article by Sir Claude
Gibb [Ref. 64], ¢the principle factor 4in the failure cf two
ver expensive generating sets was the inability of <+he
devices to dissipate their own heat. In the 1late 60's,
FPeach (Ref. 65] wrote of the successes that the English
Elec*ric Company had with regard +to liquid cooling of the
large generator rotors being used in their 500 MW devices
and predicted that the Jdevices would reach 1,000 MW with
+his technology. This was followed in 1970 with a second

817
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report ty Peach [{Ref. 66] where h= su%lined the «gzow+sh ¢°
h=

[oN)
(%2
P
"
ct
(14

U.S. gernerator sizes and predicte
*echnclngy would te reqnired in the near fu*ur:
+he devices being planned in this country which exc=s:zde’
1,000 MW. The losss2s developed in +

rower, superconductive devices, curr=antly being devel
for large-scale implemertation, req iv e
cooling a* «cyrogenic temperatures in ordsr *o function in
the supsr-ccnductive sta*s in which they operats. A dis
sion of this applicat*ion is ©preseated by Schwartz 2nd Fonsc
(Ref. 67]), in which a number of the schemes discussed her
are shown.

The previous chagpters have discussed the ability of
external, forced-convective cooling to rTemcve the
internally-developed heat 1loads in 2alectrical, rotating
machinery. The reduption in size, the increased efficiency,
and *he prolonged life cycle are all very important reasoms
to utilize advanced-cooling ccncepts. The use of turbulen*
flow is feasible a+ all FPHM's; therefore, both motor and
genara%*or arplications would benefit from forced-convective
liquid cooling u*ilizing turbulent flow. Laminaz-flow hea*
transfer is fsasible only a*t higher RPM's, which tends to
l:mi+t the applicaticn of this method in regard to motors.
The actual transition from lamirar to “*urbulent flow is not
well known and furtter investigation is required to deter-
mine the ¢transition roint; the transiticn may occur at a
flow and REM acceptalkle for the motor application. However,
the utilization of ex*ernal, forced-convective cooling has
some major difficul+ties associated with it:

1) The source of thes external <cooling fluid must be

easily accessible, dependable (in a casualty-control serse),
safe, volumetrically small, light, and should be reasonably
inexpensive.
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2) The fluid itself should be 0f high spzcific *:za%,
c

ligh+, irexpensive, and mere importantly, n
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ron-flammable.
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3) The method of transperting the fluid from thz source,
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(1)
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through an external heat z2xchanger, through the device, and

1
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ktack, should be extremely reliable and quite n* to
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The alternative to the use c¢f extarnal, forced-

' L ~’| v

convective cooling is the utilization of a <closcd device:

Pl
ot
d
.

() the closed, twc-phase +thermosyphon, (b) the clesed,

s
-

S R

rotating-loop thermosyphon, (¢) the closed rotating-1loop,

N

two-phase thermosyphcn, or (d4) the heat pipe. These alter-

K]
N

natives remcve *he necessity of using radial rotating szals

in the desigrn of the cooling systen.

L & s »
A
LSS

The closed, two-rhase thermosyphon, =as shown in Figure

.
~

-~ pus

3.6, must have a sufficient forc2d4-air circulation through

»

“. o

5
S .'l/ o

+he end-kell regions to remove the hea*. This will require

e

optimizing ths length of the condenser sections, +he geonm-

Cae)
a

etry of the fins, +*he number of fins and the direction of
air flow within the device to maximize the heat transfer

!

while minimizing *he windage 1losses. The closed two-phase

)
ll..“

()
« et

thermesyrhon is feasible at the highar RPM's *hat +he gener-

'

kS _'-‘_'- K]

a*or operates at; additionally, this method could also be

)
S

P

feasitle in the motcr apolication if a heat pipe (i.2., 2

‘e
L )

thermosyrhon whose walls are lined with a capillary wicking
material) is used in liesu of the :two-phase thermosyphon for
the lcwer REM's.

The closed, rotating-loop thermosyphon requires an ajdi-
- tional heat 'exchange +hrough the shaft of +he device,
lﬁ possikly supplemented with forced-air convection through the
R hollcw rctor region and by <+he exposad radial secticas of
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the lcopr. This cshaft heat exchanger may be in the fcrm cf =2
rotating heat-pipe, as shown in Piguras 4.1 and 4.2, whers
the 2xtsrnal 2xchange is to =23ither ambient forced-air, =z =n
an ex*ernal, closed water spray. The shaft heat =xchange:=
may also te cooled by forced cocnvection using 1ligquiAd
cooling, with axial, packing-type seals, ext=zrnal %o %h=
device as shkown in Figure 4.3, This closed-lcop thermcsy-
phon cculd use e e
The closed two-phase thermosyphon could also be extended
aleng +he shaft <+hrcugh a Dbearing pla“e arrangement and
cooling air ~ould te supplied external to the casirng,
simplifying the internal configuration, as shown in Pigure
d. 4.

The ability of thesz devices to cool effectively has
been proven and *heir usage in this application is theoreti-
cally feasitle. Tre exact ccrrelations for thz calculation
of the perfermance values for these devices, especially in a
rotating reference, will require further rCesearch.

The analysis herein has shewn the ability of th= cocling

- schemes discussed to remove the requisite h=2at lcad in crier
to extend <+he life cf the insulation, 4increase +he <ffi-
ciency, decrease the weight and size of motors and gen2ra-
tors. This study graphically presents +he applicatle
correlations for the determination of +the heat transfer
within a rotating, electric device. It alsc discusses the

limitations of these correlations. It has been showrn that
closed, two-phase systems of an inherently higher reli-
ability are feasible, and deserve further evaluatiorn.
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V. CONCIUSIONS AND RECOMMENDATIONS

. T T A D s e G S S g —— s S > ST . drs S T

A. CONCLOSIONS

Eased upon the information reviewad and aralyz=3 in <his

thesis, the f£ollowing conclusions are madz:

e
iﬁf 1) Forced-convactive 1liquid cooling is a vprac*ical

ER mears for improving <+he 2fficisncy, re2ducing the size ani

' weight, and extending the 1life of high-power mo*ors and
3j genera+ors, The @rain disadvantige of forced-convectivs:
fﬁ liquid ccoling is the requirement of radial rotating seals
- 2) Closed-loop 1ligquid thermosyphons are feasiblz a+

high REM. They offer improved reliability over forced-
fi convective 1liquid ccoling which u+tilizes zotating seals.
E$ However, this method requires the uss *he shaf: zs a2

2 secondary heat exchanger.

- 3) The closed, two-phase thermosyphon is feasible at
}i the higher RPMs of the generators. This me*hod requires
o forced-air convection through the end-bell regions or the

extension c¢f <+he devices alecng the shaft €for external
'iﬁ forced-air convection, bo*h of which will add t> %*he windage
£§ losses.

X 4) PFer low RPM applications, such as motors, the us2 of
j. a heat+t pipe will be required to overcome the inabili+y of
i; the lcw acceleration field to transport the cooling £luid.
" Both the <closed, twc-phase thermosyphon and the heat-pipe
3; require forced <convection at the condenser ends +o remove
i: the heat either internal, or external to the device. This
is may add *o “he windace losses.
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S) Correla*tions and thecretical analyses are rnc* avzil-~
able in tke litera*ure for:

2} +he ccunter-curran® ertralinmen+t 1

3

phase thermcsyphens under rotati an

on and
b) thz +transitior from laminaz +t¢c turbulert <low
for rota*ing sys*ems.
E. RECCMMENDATIONS

The fecllowing reccmmandaticns %0 continu=s +his work are

mad2:
1) Testing of the fcrced-convective 1liquid cooling
scheme should be acccmplished using <“he DTNSRDC test rig to

confirm the analysies and the wvalidity of ¢tke availatle
correla*ionms, or to obtain proper correlations for the
specific gecmetry and utilizatiorn being projected.

2) An experimental program should be devised and
conducted tc determine th: entrainment limitation in a hori-
zontal, hea*2d, <channel rotated about a parallel axis with
counter-curcent flow c¢f liquid ané vapor.

3) Ar experimental program should be developed *o
determine <“he optimum condenser length and proper fin
arrangment for the wuse of both heat pipe and closed two-
phase thermosyphon systems for rotor cooling. Consideration
cf the structural in*tegrity must be included for the
condenser end-leng*hs.

4) An experimental program should be developed for
ccrrelating the laminar-to-turbulent <“ransition during

'@

. forced-convective liquid cooling in a heated, horizontal,
=

qﬁ rota*ing pipe.

NS

b

tH S) An experimertal program should be developed to
Ei ) modify “te inside gecmetry of the closed-loop “hermosyphon
¢

?:i
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(and axial, closed, two-phase *hermesvvher) o 9

"Wy
o
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3
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haa+-+ransfer and the frictior losses wizhin +he

6} A detailed analysis <should be mnade of %the shaf=

cooling potential <£cr the rotating-loop thermosyphon with

regard to the heat-transfar erhancement c¢f the shaft to <h2
2

t
£,

fluid and *+he mechanical design of the sh

7) An experimental program should be develcped +o
analyze +the closed, two-phase thermosyphon with radial
condenser sections and the closed-loop two-pkase thermosy-
thon. These +two devices mey experience star+t-up balance
problems.

8) Various configurations should be analyzed for their
pctential for heat transfer to include a combination of the
systems described herein, as depicted in Figures 4.1 through
u.u.

9) The concept c¢f modifying the gaometry of <+he rotor
windings within these dzsvices in order to mirimize heat
conduction path lengths to the casing, shaft, etc., and
thereby 4+he internal temperature gradient, should also be
investigated.

ld

.-'l.'.l.. 'n 'y J

97

N XAXAS
RANS




................

PEECANE - AR fal Adr Sa Al nl Al Sl tal ¢ ghe-g)
ek i akes)

..................

ADEENDIX A
GOVERNING EQUATIONS FOR LAMINAR CONVECTION IN UNIFORMLY
BEATED HORIZONTAL PIPES AT LOW RAYLEIGH NUMBERS

The following development, by Morton {Ref. 111, i~
presented ‘terein fcr completeress. The steady laminars
moticn ¢f a fluid in a horizental circular pipe of radius a3,
the walls of which are hszated uniforamly so *hat a constan*
temperature gradient <t is maintained in the directicn of
the axis. Ths flow will be referred *o in cylindr-iczl cocr-
dina*tes (ro¢ ,2) with ¢ measured from the upward vertical
and the z-axis along <+h2 axis of the pipe; the velocity
components are deno*ed by u,v, and w. The effects of dissi-

, ¢

pation and cf the pressure term in the energy equation will

5

= %
"<
-~
~
~
~
o~
.

ke neglected and that variations in the dansity due tc the
temperature differences are so small that they only effect
+he buoyarcy *erm. Thermal conductivity andé Xkinematic
viscosity are assumed <+¢o be constant (which will in%roduce
quantitative errors into the solution, but should not change
its general character).

The equation of ccntinuity is then:

dru/3r + 3v/3¢ + drwsiz = 0, (A.1)

and +he ene-gy equaticn is:

. W(dT/3T) + v/T(OTAG) + w(dT/02) = k V2T, (A.2)

where Ve=32/3r2 +1/r(3/5r) +1/12(32/342) +32/322 and T is

QE the local fluid temperature. The momentum equations can be
o writen in *he form cf equations (A.3) through (A.5).
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u(au/3I) +v/T{3W o) +w(3a/o2Z)~v2/0 = =V /0(3p/0L)

v( Vau=-u/r2-=2/r2(3v/ 32}~ q(Tw-T)cos; . (A.3)
W(3v/03T) +v/T (3V/3d)+w(dv/32) =uv/r = -1/pr (3p/3})
7{ TAV+Z/TR (/G )-u,mR) e g(Tw-T)sinb ‘ (A.4)
U(3w/3r) v/ (3v/3p) +w(w/3z) =
-1/0(3p/3z)+v y2w. (A.5)

In egquations (A.3) and (A.W), the buoyzncy force has been
calculated relative to the fluid at the same level adjacent
+o0 *he pipe wall and the remaining distribution of force has
been atsorbed into the pressure, p.

For steady convection sufficiently far from the pipe
cpening *o avoid irnlet-length effects, *he temparature
throughou* “he pipe increases uniformly with <he distarnce
along the pips axis. Hence, the distribution of Ltuoyancy
force in sections of the pipe is indepencent of z; as the
secondary flov is caused by the buoyancy forces, the flow
field must also be independent of z. It follows that there
should be a similarity solution with ua,v,w, and T,-T as
func*ions of r and ¢ only, and with p=Yz+P(r,¢ ) (vhere P
contains the *erms atsorbed into p).

The continuity equation reduces to *the form:

a(ru) /3 + v /3¢ = O;

hence, a Adimensionless Stokes stream function U can be

introduced in such a way that:

TQ/v =3y /3de vV/v = =3y/3C.
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The maip a2quations (A.1) through (A.5) may bs r=adiccei =<» N
nen-dimensiecnal form by *he +“ransformatiorns r=aR, w=(./2)17, ;
and TW-T=raP:  where Pr is the Prandtl cumbar (v/c). 1 ;
the ©Fprassure is eliminated Letween equations (A.3) ani -
(A.4), *he resul*ing momentum eguations are: j
T FVPGU/AR(I/3) -3 /30 (3 /2R Y YL o= %

N

i |

Ra{(39/3R)siny + 1/R(56/3d)cos ¢}, (3.6) j

V2a+ 1/R{(3Y/3R) (3/3¢) - §
(oY /39) (3/3R)} W +4Re =0, (A.7) ’

and where,

V2 = 32/3R2 + 1/R(3/3R) + V/R2(32/3¢% 2?).
The Rayleigh number, Pa, 1is given by ggra*/(av ) and the

. . .
PRPLICEAILINGT . |

Reynolds number is the normal Reyrolds nrumber, Re, for
Poiseuille pipe flow tased on the pips dizmet2r and the mean
velocity across a pipe section is (a/v) ( ya2/uy ).

The solution of the energy equation depends on the *+emp-
erature cn the boundary condition at the wall of th2 pipe.
Pipes will wusually have reasonably-thick walls of material
with +*hermal conductivity much higher than that of the
flaid, so there will be 1lit+le variaticn in wall tempera-
ture around *he pipe circum ference. This will be specially
so for =slow rates of heating when asymmetries of the flow
will have small amplitude. Hence, write T =T0+ 2z, where TG

is the wall <temperaturs2 in the sec*iocn <containing the
erigin. Although there is uniform h2at transfer per unit
length of pipe, <the local heat transfer will be slightly
gr2ater near the bot+tcm of the pipa +*han near “he top. With
+his assump+ion, eguation (A.2) r2duces to th2 non-
dimensional form of equation (a.8).
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723 +(T/R) {(3V/3R) (36/30) -(3V/3d) (IE/AR)} +W=0 (1.9)

The toundary ccnditiens arce:
u,v,w, and 3 ars zargo on r=a;
u,v,w, and 3 are fin
(A.9)

Although soluticn of equaticns (A.6) threugh (A.8), satis-
fying conditions of (A.9 is considerably difficult, succes-
sive approxima+ic s tc¢ the solution can be obtained by
expandiag VY, W, 1d 8 as power sarizs ia <+he Rayleigh
rumber, provided that this is numerically small. Supposing
that:

w=Rawi+Ra2w2+...,

W=W ¢+ FaW ,+Ra2VW,+...,

9=0,+Rad,;+Ra29%,+..,. .

(A.10)

The leading *erm ¥, cf must.vanish because there is no
circulaticn when A is zero, but 65 is not zero since the
difference in +tamperature tetweer a fluid element and the
reightoring wall is rroportional to 16 . When relations
(A.10) are substituted ir squations (A.6), (A.7), and (RA.8),
three sets of equations for the funtions wi r W i and ei
are oktained by equating coefficients of powars of Ra.
From equation (A.7), the basic egquation is:

V2%, + 4Re = 0, (a.11)
which has a solu*ion:

W,= Re(1-r2) (A.12)

which satisfies the conditions W, =0 at F=1, #, finite at
R=0. This is ordinary Poiseulle £flow wunder a pressure

gradient -4 2Res/a3 in an unheated pive.
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The firs* of +*he equaticns derived from equaticn (1.8
m

subject *o 2 =0 at ®=1, 6, finite at R=0, and the solution
is axially symmetrical no account has beesn taken of

L d -
2T e~

i

as
g-avity a* *“his stage of the approximation. Thiz is
fied by:

3, =(1/16) Re(1-B2) (2-R2), (A. 14)

which is the customary solution for £srced convection.
The first-order approximaticn for ¢ satisfies the equa-
tion:

74y =(32,/3R) sin (2. 13)

obtained as *he coefficient of Ra from eguation A.6, and the
bourdary conditions j3y,/9%,93¥%,/36=0 on R=1, and R—1 (3V, /3¢y, |
3¢,/9 R remain finite at R=0. If v, is assumed to have the ;
form wl(R)sin¢ , the dependence of esquation A.15 on ¢ is \
eliminated, and wl(R) is esasily found:

|
\
wl=-(1/3608)ReR(1-B2)2(10-R2)sin¢ . (A. 16)

similarly, the “irst-ordsr approximation to W satisfies the |
equation:

V2R =(1/R) (39 ,/30) (W ,/3R), (A.17) |

15 h R

4
s l®

and “+he toundary conditions, W,=0 a%* R=1 and W, fini%2 a*

e e e

R=0. 1The deperdence cf egqua*tion A.17 on & 1is eliminated by

-y l." rl. L

taking W =% (R)coss , whence
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'.3;';21; W ==-(1/184320) Re2R (1-R2) (49~51R2+ 19R*-R6) cosd. (a.1R)
(: The first-order epprexiga+ticn to 8 szatisfies th= :zgua-
{51 ) tion:

- V26, = (a/R) (3¥,/39) (36, /3R =W , (A. 19)

)

:i and the btcundzry conditions, 2, =) at R=1 ard o firiie 2z*
':3; BR=0. Hence,
20N . 8,==(1/22118400) Re 2R(1-R82) {(381+1325g) - (354 +16755) R2+
\
.:-‘qn

N +(146+S5250 ) R*-(29+2000) R6+(1-2c) R8}ccsy & (A. 20)
i
“\‘\

ﬁ" This ccmpletes the approximate solu“ion to the first
258 order in Ra for convection in a horizontal pipe, which is
e ) hea+ted so that ¢there is a constant temperature gradient
13: along *he walls and uniform temparature arourd <thke girth.
’ It may te rected frem equations (A.10), A.12), (a.14y,
$5,~ (.16}, (A.18), and (A.20) that the full convectiorn solution
ﬁi ' depends essentially c¢n the product RaRe. This is clear if
jf}f it is recalled *hat Ra is propor*icnal to *he 4increase in
’i’ wall temperature along the pipe and Rs is propecrtional to a
,;- characteristic velocity <f the flow along <+he pipe. An
'ég; increase in Ra means that the fluid will be carried thrcugh
5& a larger *emperature diffsrences, and, heace, *here will be
-~ increased Luovancy fcrces; but <th2 same effect c¢arn be
- produced by an increase ir Re, and hence in +“he velocity of
0 +*he main flow.

o

ﬁ& The two most interesting consequernces of such a solution
;ﬁ are “he modification of the heat transfer due *o seccrdary
. flow, 2and the effect of haating on the tangential stress a+t

*he wall (cr on the rate of flow for a givsn pressure
gradient). Howaver, as both W, 6 and 3, vary with cos ¢,
103
o
e

.
LS

TSN AN L PIEAAE A l
‘L‘,'A:.‘_.\ "t e .-\‘A‘.E-'.'}-- S



(LR

RN - WY

i*s?a".

[

...t ] .
[P AT P

O

e F 6 8 .
PAPAFL

7 i

nei+her he £flux ncr +t+he theat +transfer across tha ol
secticr £ *he pipe will be chang=d by the firetenmieor
aopr T

¢ will be local variations.
d *he changes ir +*ctal fiux and heat transfer, iz
+

t
c

imatiacn zl4+houah 4hz
n
a ke gsecond-order apporoxima%ions,
a

X
ge
is necessary to proceed +o
the velant equations for these are
vzw2=(1/R\f$( V?y;.w;)/S(R.$ )}
*(3e /5 R) sing+ (1/R) (38/3¢) COSy o
7?”2=(1/R){a(‘ﬁ .% )/B(R.@)}+(1/R)[8(%..w2)/3(3c¢)},

er =(0/R)(8(91:W1)/8(R'¢)}+(0/R)[B(OOowz/B(R:¢)}‘W2-
2

The only difficulty in solving these equations is numerical
tediom and the remaining second-ordsr solutions are
rresent=2d in [Ref. 11].
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ARPENDIX 3
(CONEUTER PROGRAM AND RESULTS)

SINGLE-FHASE ANALISIS

The following prcgram was written %o give the resu
*he various correlations <for +he hesat transfer fo

-c - +*
fozced ngli2-¢t

=3
=1

b
Uy
W

('

3, cenvsction in the rotatiz; o=
disscussed in Chapter 1II. The program is so written tha
nodificaticn to 1include other correla%icns is quite easy.
I+ was written in HP-Basic for the HP-9826 computer.
Sub-rrograms for the graphics are not shown. Sample runs
are included immediately following the listing.

-Pages 105-109 Program Listing

~-Fages 110-111 Thermophysical Proper+ies (Commcn to

Arpendices B through D).
-Page 112 Sampl2 Calcula*ion
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Amm T - - .t S
hRe=i- sanuarl., N RIS
P NP T ROATIATYV = 2T

COM sCmin/ Xmin.Ymin,S5tx.Sfy
PRINTER IS *

BC-’_D

PEINT CSING "2X.""De‘ault wvalues; """
D=4,763E-23 ' Tube giamater (m)
L=,8230 ' Tupe length (n)
R=.402" ' Ragius of rctor (m)

PRINT USING "aX,""Tube diameter
PRINT USING "4X.""Tube iength
TRINT JSING "4X,""Ragiuz of rotor

INPUT “0K TG ACCEPT DEFAULT YALUES (t=Y,0=N>?",Id

TIPUT “LIKE A FARD COFY ('=Y.0=N)?",Ihc
IF Inhe=t THEN

weTOADE T (@)t ]
COAGLELT (@)t

meTLUIDL T Gttt R

PRINTER IS 701

E_SE

PRINTER IS ¢

END IF

IF Id=1 THEN !300

BEEP

INPUT “ENTER TUBE DIAMETZR (m)".D
BEEP

INPUT "ENTER TUBE _EMGTH (a)™.L
cee

INPUT "ENTER RADIUS OF RATOR (my'* R

PRINT USING “10X.""ws» Geometr:ic variabimg === """

SRINT USING "'4X,""Tupe J:i:amerer (D) L 2L3DELTT D
PRINT USING "14X.""Tube iengtn (L) <t DLLDDL T (L
PRINT USING "iaX.""L/D vtUSELDT LD
PRINT USING "14X.""Rotor radius (R) 2.3D."" amytttR
PRINT

PRINT USING 10X.""Zomputed values are: """

PRINTER IS 1

BEEP

PRINT ISING "2X,"“SZLECT OPTION '

PRINT USING "4X.""1 Single poin+"""

PRINT USING "aX.""2 Nu versus RPM""*

PRINT USING "4X.,""3 Nu versus Re"""

PRINT USING "4X,"''4 Nu versus Prod"""

INPUT Bo

IF 0Op>Z THEN

PRINT USING "aX " SELECT DPTION:'"~

PRINT USING "4X,""2 VARY RPM«he

PRINT USING "4X.""3 VYARY Re™™"

INPUT Opx

IF Cox=2 THEN Jp=2

If Opx=3 THEN Gp=3

£END IF

IF Op>1 THEN

BEEP

Jr=0

ORINTER IS 1

ORINT £)SING "4X.""SEL
ORINT USIMG "ax."" *

Howon w

see

N

reee ey

us-Boe!lter. Z=Nakayama. 3=Nakavama & Fuziota
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TS9N PRINT CSING TaX T 2sano0s 4 Morri:. D:5i2cnenson, csweoCsatlrtias. - s
rnar . feharavang- L0
1S30 INiPYT Ian
1can neee
c1T TUT

iDcy sirul CIRE Tu oriur vi=i,yu=n) /' Ukolot
1630 IF Okplot=1 THEN
1540 CALL Plot(Jd;.Jc.ud. X, Y. Type.Cx}
1650 BEcF
1560 INPUT "SCOLID=1 DASH-DASH=2,DOT-D0T=23".Type
1670 END IF
1980 InD IF
1690 MNstep=100
*700 IF Op=2 THEN
1710 BEEP
2 INPUT “CNTER RPM RANGE (MIN.MAX)".Rpml.Romh
1730 Rom=Rpml
ELSE
1750 BEEP
1760 IMPUT "ENTER RPM OF ROTOR”.Rom
1770 END IF
1780 BEEP
1790 INPUT "ENTER OPTION (1=0,2=Mf.3=Dt)".Io
1800 IF Ihc=? THEN PRINTER IS 701
1310 IF Ihc=0 THEN PRINTER IS 1
1820 PRINT
1330 PRINT USING "10X,""w=x Operating Vartanleg mws "
1840 PRINT
t850 PRINT USING "10X.""Input variables are: """
1860. IF Io=1 THEN
t370 3BEEP
?ggﬂ INPgT "ENTER COOLANT MASS FLOW RATE (kg/s)" . Mf
1890 BzEf .
'900 PRINT YUSING "'aX.""Caoolant mass fiow rate "UUZU3DELTT Ceg/er NS
1910 INPUT "EMTER INLZT AND OUTLET TEMPS (OH .7
1320 PRIMT USING "1d4X.""Coolant 1nlet temp
- 1930 PRINT USING "14X.”"Coolant outle* temo
*340 IND IF
1950 IF To=2 THEN

MDDLDDL T (T
***.DD.DD. " (0" Te

[ S ]
]

1360 BEEP
1970 INPUT "ENTER HEAT LOAD (W)".Q
1980 PRINT USING "14X.“"“"heat inad = "M 4D.DDLT GO
1390 BEEP
2000 INPUT “ENTER INLET AND OUTLET TEMPS (C)".T:.To
2010 PRINT USING "14X.""Coolant iniet temo = "*.DD.DD.TT (CyUti Ty
2020 PRINT USING "14X,""Coolant outlet temp = ".DD.DD."" (C)"":To
2030 END IF
2060 IF io=3 THEN
2050 IF Jj>0 THEN 2200

- 2060 BEEP

ol 2070 INPUT “ENTER HEAT LOAD (W)".G

. 2080 PRINT USING "14X,"“Heat load = UUU4D.DD, T (WY

A 2090 BEEP

N 2100 IF Op<3 THEN

oY 2110 INPUT "ENTER COOLANT MASS FLOW RATE (kg/s)™ . Mf

r 33%3 gségT USING "14X.""Coolant mass flow rate = "*,Z.4DE,"" (kg/s)""":Mf

- 2140 IMPUT "ENTER MASS TLOW RATES (MIN.MAX)" .MFl.Mfh
2150 Mf=Mf]
Z'60 END IF

Ry 2170 BEZP

P 2:80 INPUT “"ENTER COOLANT INLET TEMP (Cy".7T,

Y

N

X

T

« .0
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2230 Ce=tNlpw(Tad

2240 Mu=FNMuw(Ta)

2250 K=FNKw(Ta)

2260 Pr=FNPru(Ta)

2270 Rho=FNRhouw(Ta)
2280 Nuv=Mu/Rho

2290 If To=t THEN

2300 G=Mf<Co=(To-Ty)
2310 PRINT USING "14X,""Heat iocad (@)
2320 END IF

-230 IF Io=Z2 ThHEM

2340 Mi=0/(Co=(To-T1))

; N A - ARSIV gy S e e - TR TR R R 1)
S ERINT UZING TUaX UMCociart iniet temp = VIR I
e .. Eh

270 END IF

il AN IUT L)Y

Foliaf it Dt A Tl A gt Tl T Tt Dt Sl Yy
R I LR N " A

(Crme T,

- ““u‘:D-D-"” (L‘v)nuu:g

2350 PRINT USING "14X,”"Coclant mass fiow rate = "".Z.4DE,"" (kg /s)"" " MFf \

2360 END IF

2370 IF Io=3 THEN

2380 Toc=Ti1+Q/(Mf=Cp)

2290 IF aBS(To-Toc)>.01 THEN
2400 To=(To+Toc)+=.5

2410 GOTO 2220

2420 END IF

2430 IF JJ;O THEN PRINT USING “14X,""Coolant outiet temp

2440 END IF
2450 IF Ji=0 THEN
2460 PRINT

2470 PRINT USING "10X.""Fluid properties evaluated at "".DD.DD. "" (L) are:""":

2420 PRINT USING "14X.""Specific heat (Cp)

24590 PRINT USING "14X.""Viscosity (Muw)

2500 PRINT USING "'4X.”"Tnermal cond (k)

2510 PRINT USING *14X.""Prandtl number (Pr>
2C20 PRINT USING "14X.""Density (Rho)

2530 PRINT USING "14X.""Kinematic vis (Nuw)
2540 Beta=FMBeta(Ta)

2550 PRINT USING "14X.""Coef ther exp (Beta?
2560 PRINT

2570  PRINT USING "10X.""==«x Calculations =e="""
2580 PRINT

2590 PRINT USING “10X.""Preliminary calculations:™""
2600 END IF

2610 Re=4=Mf/(PI=Dm»Mu)

Ut w0 ow N

2530' Friction Factors for stationary reference
2640 IF Re<2+#1.E+4 THEN 2670

2650 F=.!84/Re”,2 'I4&D Egn 8.21

2660 GOTO 2630

2670 F=.316/Re”.25 '1&D Eqn 8.20

2690 QGpp=0/(PleD=l)

2700 Qp=Qpp=PI=~D

2710 Ym=8+<Mf/(Rho=PI=D"2)

2720 Dps=F=Rho»Vm~2+%L/(2=D)

2730 Omega=Rpm=2«PI1/60

2740 Ro=Vm/(Omega=D)

2750 Jay=Omega=D"2/Nuv !from STEPH-Rotational Re
2760 Kw=FNKw(Ta»

2770 Dte=(To-T1)/L
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2780 Gr=R«(Jmega 2 *Betaxt(D/2) &)«dtt/Muv 2
2790 Ra=Gr=Pr
2200 Gamma=(Re (22/13))((GratPr .5)) (-12/12))

Aman em " €
LAY RV |g |\!:1 \uqa ..... a 2.2
25y

2830! Laminar Value
2840 Nulam=48/11

2860 Turbulent Yaiue from Dittus-Boelter
2870 Nudb=.023#Re"~.8«#Pr .4

L8630t Stepnenson Lorrelation A
2900 Nus=¢(Pr .4/.367)«.007'=Re".88~Jay .023 'Air,Turb-E3N2.2%3--0orrected for wat

2920 Nakayama Correlation for turbulient condit:ons
2930 Nunak=(Re".8)«(Pr .4 «(Tg (1/30))=(1+.D14/¢Tg) (1/6M)=.033 ! Egn 2.9 (Tur

2940 Ty=Nunak/(Re".8=Pr”~ .4

2960! Makayama Correlation for ilaminar conditions

2970 J2=u=2

2980 S5q=2/11=(1+SQR(1+77/4=(1/Pr 2> M)

2990 Cf=1-.486«((3#Sq~1)".4/(Sq=(Sq»Pr=SOR(S5)+2)))=J2/(Ra*Re)’ .6
3000 Nunakl=48/11«,191/Sa=(3#Sq-1)",2=(Ra=*Re) ".2«'/(+(1/30#Sq=Pr))

2020! Nakayama/Fuzioka Correlat:on for Radial Pipes
3030 Nurnf=(.014/.023)%(Re/R0"2.5Y".,124»Nudb 'TURR-EQN Z.21
3040 Mus=Mu !Temp Value Mus®Mu

2060! Sieder-Tate Correiation for Turbulent
3070 Nust=.027#Re .8«Pr’~ ,2333=(Mu/Mus) .14
2080 Prod=Ra=Re«Pr

700! Woods-Morris Correlation for Laminar

2110 Nuwm=.282%Prod” .173=88/11 t Egn 2.22-WM>

220 Ji=Jay/8

2130

140! Woods-Morris Correiation for Radial Pipes

3150 Nuwm2=.015#Re” ,78#J1° .25 !from wm2

360 IF J;=0 THEN

2770 PRINT USING "14X.""Reynolds number (Re)> = " 7.3DE":Re

3180 PRINT USING "14X.""Friction factor (stat) = “*".2.3DE":F

32190 PRINT USING "14X,""Heat flux (Qpp) = " UZU3DELTT (W/m 2" Qep
3200 PRINT USING “14X.""Hean fluid vel (Vvm) = " Z.2DE"" (m/sS)TiVm
2210 PRINT USING 14X, RPM = " . 4D.DD.":Rom

3220 END IF

2230 IF Ihc=0 THEN PRINTER IS

3240 PRINT

2250 IF J3=0 THEN PRINT USING *“10X.""Results: """

3260 1IF Okplot=0 OR (Okplot=1 AND Nstep<11) THEN

3270 PRINT USING **10X."" Nudb Nunak Munf Nuwm Nus Newm2 "
3280 PRINT USING "13X,6¢3D. DD.ZX)" Nudb Nunak .Nunf .Nuwm.Nus .Nuwm2

3290 PRINT USING "14X,"" Ra=Re=Pr M Nak 1 """
3300 PRINT USING "14X.4(Z, 2DE 2X)>,3D. DD DD.DDD.Z.DD":Ra.Ro.Prod.Mf ,Nunakl

3310 PRINT USING "14X,"" RaRe Tg Ty"o

3320 PRINT USING "13X,D.2DE.2X.Z.3DE. 2X Z. DDD"' a*Re.Tg.Ty
2330 END IF

3340 IF Dkeplot=1 THEN

3350 IF Ian=1 THEN Y=Nudb

3360 IF Ian=2 THEN Y=Nunak
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2370
3380
3390
2ann
3410
3420
3430
3440
3450
3460
3470
3480
3430
3500
2510
3520
3530
3540
2550
3560
3570
3580
3530
3600
3610
3820
3630
3640
3650

THEN
THEN
THEN
THEN

YaNunt

Y=huwm

Y=Nus

YsNiuam?

Ian=7 THEN Y=Nulam

Ian=8 THEN Y=Nunak!l

Op=2 AND Opx<>2 THEN X=Rpm
Op=3 AND Opx<>3 THEN X=Mf
Dox=2 DR Opx=3 THEN X=Prod
Ji=Ji#1

CALL Plot(Jj.Jec.Ja.X.Y.Type.Cx)
END IF

iF Jp=2 THEN
Rpom=Rom*10"(Cx/Nsten)

IF Rpm>Rpmh THEN 3590

GOTC 2730

END IF

IF Op=3 THEN
Mf=Mf»10"(Cx/Nstep)

IF Mf>MFfh THEN 3590

GOTO 2040

END IF

BEEP

IMPUT "ANOTHER RUN (1=Y,0=N)?",Ir
PRINT "Py»

IF Ir=1 THEN 1250

Lans=’
Ian=4
Ian=S
TE Tapsg

INPUT "WANT TO LABEL?(1=Y.0=N)>".I1
IF Ti=t
END

THEN CALL Label
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TA20 0 DEF THPuzi(Tsteam)
070 DIM MR

. TATADLTA ST ZI0 I TASAd, XA SENPTEAL oD TRCEAL Do DTR0CI0A LtD Llagn e
NS Tl30 DATH 4.307 i T3Z.20.5700570. 0 058
o '240 READ K(=)

A 1050 T=(Tsteam+273.15) /647 .3

N 1060 Sum=0

- 1070 FOR N=0 T0 &

. 1080 Sum=Sum+K(N)=(1-T) (N+1)
1090 NEXT N

—_ ‘00 Br=Sum/(T*(‘,+!<(S)o(I-T)+l<(6)~(Y-T)"Z))-(1-1')/(5('(7)-(1-T)’3+i!,(8))

-~ 110 Fr=EXP(Br)

~ 1120 P=22120000=Fr

- 1130 RETURN P

- 1140 FNEND

s 1150 DEF FNHfg(T)
1160 HFQ=2477200-2450%¢T-10)
1970 RETURN Hfg
1180 FNEND

S 1190 DEF FNMuw(T)

~ 1200 A=247.8/(T+133.15)

3 1210 Mu=2.4E-5*10"A
N 1220 RETURN Mu

. 1230 FNEND

1240 DEF FNVvst(Tt)
1250 P=FNPvest(Tt)
4 1260 T=Tt+273.15
oy 1270 X=1500/T7
co. 1280 Fil=1/¢1+T»1.E-4)
s 1290 F2=(1-EXP(=X))>"2 .5=EXP(X) /X"

R 1300 B=.001S«F1-.000942%F2-.0004882=X
- 1210 K=2«P/(461 ,52«7)
<y *320 Y=Cl4(1+2nReK) " 5) /K
1330 RETURN V
© 340 FNEND
. 350 DEF FNCow(T)
- 4 1360 Cow=4.21120858-T»(2.26326E-3~T»(4,423615-5+2.71428E-7=T)) s
N 1270 RETURN Cow=1000
o 1380 FNEND
" 1390 DEF FNRhow(T)
°. 7400 R0=999.52946+T=(.01269-T+(5.482S13E-3-T«1,234147E-50
1410 RETURN Ro
1420 FNEND
e 1430 DEF FNPrw(T)
" 1440 Pru=FNCpw(T)=FNMuw(T)/FNKw(T)
- 1450 RETURN Pruw
o 1450 FNEND
KN 1470 DEF FNKw(T)
- 1480 X=(T7+273.15)/273.15
1490 Kuw=-,92247+X#(2.8395-X«(1.8007-X=(,52577-.07344=X>")
1500 RETURN Kuw
e 1S10 FNEND
" 1520 DEF FNTanh(X)
" 1530 P=EXP(X)
=l 1540 Q=EXP(-X)
o~ 1550 Tanh=(P-Q)/(P+Q)
o 1560 RETURN Tanh
a 1570 FNEND
. 1580 DEF FNHf(T)
'
S
_:J‘
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:j:l-:. '590 Af=Ted 2020849-Te(S. 361 328-4-"24,8318937E-5))
LT 1600 RETURN Hi=1000
Y 510 “HEND
:_\__‘ 1R20 DNEF FNTuer (P ‘
Dl 1330 Tu-i10

e
— -
P
£
o]

Tl-‘.O j
1650 Ta=(Tu+TD)«=.5
o Pe=FNPvstz{Ta) ‘
R 1870 IF ARS((P-Pc)H/P)>, 001 THEN
AN 1680 IF Pc<P THEN Ti=Ta

Y 1690 IF Pc>P THEN Tu=Ta

AR 1700 GATD 18650

AN 1710 =ND IF

. 1720 RETURN Ta

A 1730 FNEND
o 1740 DEF FNBeta(™

. 1750 Rop=FNRhow(T+.1)
s 1760 Rom=FNRhow(T-.1)
N\ t770 Beta=-2/(Rop+Rom)=(Rop-Rom)/.2
LS 1780 RETURN Beta
N 1790 FMEND

~ ] 1800 DEF FNAlphat(T»

o 1810 Alpha=FNKw(T)/(FNRhow(T)»=FNCow(T))
OO 1820 RETURN Alpha
DRRR 18330 FNEND

s

¢/
N
(<2}
o

D 1840 DEF FNSigma(T»
A 1350 Tt=647.3-T
S 1860 A=.001+7+"2=(,1160936807/(1+,.83=Tt))

o 1870 B=.001121404688-5.75280518E-6=Tt

A 1380 C=1.28627465€-8«Tt 2-1.14971929E-11=Tt"3
Ly 1890 Siama=A+B+C

R 1300 RETURN Sigma -

B 1910  FNEND
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~%s Sagmetric Yariablac see
fube dianeter (D) « 4 7636-0% (r)
sl lengl LT - AR
[NAY) = 1/¢.0
Roter racius (R) = 0,407 (m)
Computec values are:
<=« Jperating Yariabieg e«
Inout variablies are:
Heat ioad = SA.100 G
Coolant inlet temp = 45,00 Oy
Coolant outlet temp - 45,72 (o
Coolant mass flow rate = 1.”“29E-U2 (kg/s)
Fluid properties evaiuated at 45, 36 (C) are
Soectfic heat (Cp) = 4224.7 (U/kg
Viscosity (Muw) = 5. 8_61E UL (N s/m )
Thermal cona (k) = (.8380 (W/m.X)
Prandtl number (Pp) = 3.884
Density (Rho) = 990.0 (kg/m"3)
Kinematic vis (Nuv) = §.92S8E-07 (n"2/3)
Coef ther exp (Beta) = 4, 1266E-04 (1/K)
nex Calculations wew
Preliminary calcuiations: .
Reynolds numper (Re) = 7.447E+072
Friction factor (stat) = 2.402E-02
Heat flux (Gop? = 4,.060E+03 (W/m"2»
R Maan fluid vel (Ym) = 9. 26E-0! (m/s)
RPM = 3600.00
Results:
Nudb Nunak Nunt Nuwm Mus Mywm?
49.52 55.20 111.80 31.5€ ab4.84 102,34
Ra Ra=Ra=Pp MF Nak |
.¢9E+03 5.16E-0" 148408 1.63E-~02 44,90
RaRe Tg_. Tv
S. 50E+07 7.5062-0% 0.026
LY ":
r--~..
PI"‘!
S
b
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BEIDIX ¢
THERMOSYPHON ANALYSIS (COMPUTER PROGRAM AND RESULTS)

The following program was written to give thz results of
+he <correlation for the heat transfer for ths =c¢tating,
closed-lcop thermosyrhon discussed in Chapter III. It was
writter in HP-Basic for +he HP-9826 computer. Sub-programs
for the graphics and the thermophysical propertiss arte not
shown, A sample run is included imm=diately follcocwing the

listirg.
-Pages 114-117 Program Listing
-Fage 118 Sample Calculation
L 114
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TRt ST ieME: ThSY

LoeALm o FROILTATY 7. . e
TOM ST Xein,Ymin STk Sy
DRIHTER IS 1
BEZP
PRINT USING "2X.""Default values: “"*
D=4.763E-3 ' Tube ciameter (m)
T= L8230 ' Tube iengtn (m)
L4021 ' Radius of rotor (m>
KFF-O ! Friction Tactor for bengs

Li=2s +20R

PRINT USING "4X.""Tube diameter = "UUZLADELYT (ma D
PRINT USING "4X.""Tube length = ".DD.D.T ol
PRINT USING "4X,"”Ckt Length (Lt) = " DD.D."" (mr""":L ¢
PRINT USING "4X.""Radius of rotor = "",Z.3D."" (m)"*"":R
BEEP

IgEgT "OK TC ACCEPT DEFAULT VALUES (!=Y.0=>?".1d

B

INPUT “LIKE A HARD COPY (1=Y Q=N)?" Thc

IF Ihc=1 THEN PRINTER IS 70

IF Ig=t THEN 1280

BEEP

INPUT “ENTER 7UBE DIAMETER (m)>".D
BEEP

INPUT “ENTER TUBE LENGTH (m»".L
BEEP

INPUT “ENTER RADIUS OF ROTOR (m)™.R

PRINT USING "10X.""ww» Geometric Variabies === e

PRINT USING "18X.""Tupe diameter (D) L7 3DELTT (my Tttt D
PRINT USING "14X.""Tube lengtn (L) "".DD DD (mymttel
SRINT UUSIMG "14X.""Ckt length (Lt) “DDLDDLTT my ittt
PRINT USIMG "14X,""_/D e 50,0l /D

PRINT USING "34X,""Rotor radius (R) tLZLIDLTT m) R
PRINT

PRINT USING “10X,""Computed values are: """
PRINTER IS 1

BEEP

PRINT USING "2X,""SELECT OPTION:""~
PRINT USING "4X,""1 Single point"""
PRINT USING "4X.,"* 2 Nu versus RPM"""
INPUT 0Op

IF Gep>1 THEN

BEEP

Js=0

PRINTER IS 1

INPUT “LIKE TO PLOT ¢1=Y.0=N)>?" 0kplot
BEEP

INPUT "Mudb=!.Nunak ! =2 .Nuwm=3 ,Nus=4,Nul=5".Ian
IF Okplot=1 THEN

CALL Plot<Jy.X.Y.Dt.Tc)

INPUT “LIKE A LABEL?(1=Y,0=N>", 11

IF I1=1 THEN CALL Labpel

END IF

END IF

Nstep=11

éF Jp=2 THEN

INPUT “ENTER RPM RANGE (MIM.MAX)' .Rpmi.Romn

R B KN

115
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1530

-510

1630
1540

2150

an-rpn

Terud TENTER APM o MR Rae

oEEP

IF Ihc=1 THEN PRINTER IS 701

IF Ihc=0 THEN PRINTER 1S 1

PRINT

ORINT UIUSIMNG "'1QX.""==e (peraiing Yariabies w=e« """

PRINT

PRINT USING "10¥,""Input variaoies are: """

BEEP

INPUT “ENTER HEAT LOAD ¢W)".9

PEI?T USING “14X,""Heat lioad ST 1 IR U1 VL €7 B R

BEE

INPUT "ENTER COLD SIDE TEMP (C)" . 7e

gRIgT USING "14X.""Cold side temp = 4D, DD Oy Te
t:

Th=Tc+Dt

Ta=t(Tc+Th)=»,5

Dtt=Dt/L

PRINT

Co=FNCow(Ta)

Mu=FNMuw(Ta)

K=FNKw(Ta)

Pr=FNPruw(Ta)

Rho=FNRhow(Ta)>

Nuv=Mu/Rho

Beta=FNBeta(7a)

DOmega=Rom=2«P1/60

Tn=Tc+D¢t

Ta=Te+Dt/2

PRINTER IS 1

PRINT “TA = *.,7a

Rhohr=FNRhow(Th)

PRINT “RHCH=".Rhoh

Rhoc=FNRhow(Tc)

PRINT "RHOC=",Rhoc

Rhom=FNRhow(Ta)

Drheo=Rhoc-Rhoh

IF Drho<0 THEN GOTO 3140

PRINT “dro=",Drno

Mu=FNMuw(Ta)

Cp=FNCpuwi(Ta)

Beta=FMBeta(Ta)

Pr=FNPru(Ta)

Nuv=Mu/Rhom

PRINT "MU.CP =" ,Mu.Cp

Mf=Q/(Co=Dt)

Re=4/PT«Mf/(Mu=D)

Gr=R=(0mega“2)»Beta»((D/2) 4)#Dtt/Nuv"2

Ra=Gr=Pr

Prod=Ra»Re=Pr

Nuwm=.262=Prod~.173=48/11

Dtwp=Q/(K*Nuwm=PI=L)

PRINT “DTWP =" ,Dtuwp

Dtw=Dtuwp

Grr=R+0Omega 2#Beta=D 3#Dtw/Muv"2

Nu=Pr/Grre_t/ReD/L*Rhom/Rhoh*(Kff+(256/Re~_t/D)1=Re 2

Dtwc=3/(Plel «KaNuL)
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z2nn IF ABQ(D'u“-Utm)).’O THEN
220 IF Rpm3Ud¢ THEN
2220 Neahes B

==y m—m—— A~

_LJO VUI1w L suw

. I
2250 IF Rpm>1000 THEN
2260 Dt=Dt+1
2270 GOTQ 1900
<280 END IF
2290 IF Rom>S0C THEN
2300 Dr=Dt+1.5
2210 GQTQ 1900
2320 END IF
2330 IF Rpm>=300 THEN
“?40 Dt=Dt+4
2350 GOT0 1900
7360 END IF
2370 END IF
2280 Ym=4=Mf/(Rhom=PI=D "2
2390 Ro=Vm/(Omega=D
2400 Jay=Omega=D 2/Nuv 'From STEPH-Rotational! Ke
2410 Dtt=(Th-Tc)/L
2420 Gr=R=([mega"2)+Beta=((D/2) 4)«Dtt/Nuv 2
2430 Ra=Gr»Pr

2450 Laminar Value
240 Nulam=48/11

2480! Turbulent Yalue from Dittus-Hoelter
2490 Nudb=.023=Re" .8=Pr" .4

25191 Stephenson C&rrela:xon
2520 MNus=(Pr ,4/.367)+.0071<Re .28»,j3y .022 'Air,Turn-E0N2.2%-correctad for wat

2540 Makayama Correiation for laminar condit:ong

2550 J2=0=2

SS80  Sq=2/1'#(1-SOR(i+77/4=C1 /P 2)))

2570 Cf=1-.486#((3%Sq-1)" .4/(Sq*(Sq*Pr=SQR(5)+2)))=J2/(Ra=*Re) .E
2580 Nunak =48/11=,191/5q=(3%Sq-1) " ,2#(Ra=Re) .2« /(i +(1/1N=SquPr))
2590 Mus=Mu 'Temo Value MusWMu

26500 Prod=Ra»Re«Pr

”620’ Woods-Morris Correiation for Laminar
2630 Nuwm=.262%FProd”.173=48/11 ' £gn 2.22-WM3
2640 Ji=Jay/8

2660 Woods-Morris Correlation for Radial Pipes
2670 Nuwm2=,015=Re” .78#J1".25 'from wm?

2680 IF Ihc=0 THEN

2690 PRINTER IS 1

2700 ELSE
2710 PRINTER 1S 701
2720 =ND IF

2730 IF Jy=0 THEN
2740 IF Jj=0 THEN PRINT USING “10X,""Results: ""*
2750 PRINT USING “10X,"“Fiuid properties evaluated at "”.DDD.DD."" (C) are:""":

Ta
2760 ©ORINT USING “14X.""Specific heat (Cp) = U ADLDE. UM (U/ka. K) M Cp
2770 PRINT USING "14X.""V:iscosity (M) = L7 ADEL"" (N.s/m D)"NTiMy
R0
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SRTHT CTDNG UreX, " Tiernar cong (k) £ 2D Gwin,

pQ*N USING "14Y,""2ranati numper (Pr) = U 20 Er

SRINT U516 "i4X. ""Dens.ty (Rho) = Ut ALY Skarm L .~ho
ATIeT LSING "‘4 .""Kxnena.;» oz NG - LILANTTL Lo T
—%Luf USINL T1aX,'"Loef therm expipera? = KTV G “era
PRINT USING "14X.""Reynolds number (Re) = "".Z 3DE" :Re

PRINT USING "14X,""Mean fluid vel (Ym) = 2DE. (m/3) "N
PRINT USING "t4X.""Mass fiow rate = "".Z.2DE."" (kg/s)'™"" M7
PRINT USING "14X.""Temperature (hotside)> = "*.DDD.DD."™(CHy""":Th
PRINT USING "14X,""RPHM = “" . DDROD..":Rom
£END IF

PRIN'

P Ckpict=0 IR (Jkplot='! AND Nstep<11) THEN

PRTNT USING 10X, ,"" Nudb Nunalk ! Nuwm Nus rarere

PRINT USING "i3X.6(3D.DD.2X)":Nudb.Munak ! .Nuwm.Nus

PRINT USING
PRINT USING
END IF

IF Okplot=1
Ian=1
lan=2
Ian=3
Ian=4
Ian=5
X=Rpm
Ji=Jdr1+d

u14x'nn Ra RO

Ra=Re~Pr

cenens

M7

*14X,4¢7.2DE.2X).2D.0D":Ra.Ro.Prod . Mf

THEN

THEN Y=Nudb
THEN Y=Nunakl
THEN Y=Nuum
THEN Y=Hus
THEN Y=¢48/11)

CALL Plot(J1.X.Y,Dt.Te)

PRINTER IS 1
THENM

END IF
IF Op=2
Dt=S

Rpm=Rpm=10" .1

IF Rpm>Rpmh
G070 1890
gND IF

BEEP

THEN 3130

INPYT “ANOCTHER RUN (1=Y,0=N>7" Ir

PRINT "pU"

IF Tr=t THEN
INPUT "HWANT
IF I1=1

END

1360
TO LABEL?(1=Y,0=N>" 11

THEN CALL tLabel
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ChOe A

«

LA

vy mr oy
D PR

LY

R X R

jube diameter (uU) = &

ae

L/B2E-07 ()

Tube lengih (L = .32
Ckt length (Lt) = 2.45 ()
/D = 172.8

Kotor radius (R> = 0.402 (m)

Computed values ar=s:

-~ Operat:ng Yariab.=ss ===

Inout variables are:
Aeat luad
Lola side temp

Results:

Fluid properties evaluated

Specific neat (L)
Viscosity (Mw?
Thermal cond (k)
Eranctl number (Pr)
Density (Rno?
Kinematic vis (Nuv)
Coef therm exp(Beta)
Reynolde number (Re)
Mean fluid vel (Vm)
Mass flow rate
Temperature (hotside?

RPM -~
Nudb Nunai 1 Nuwm
2.42 S1.30 34,41
Ra ko R

§.12E+405 !.04E-02 3.

n

S0, 00 (W)

45.00 (C)

L75 () ar
MEXIIANYI2- @
72€-04 (MN,3z/m D
404 (W/m.k)
Q2E+90

’§.1 Ska/r 3
L4991E~07 M2/
L2940E-04 (1/KD
.978E+0Q2

.87E-02 (m/3)
27€-04 (ka/s)

P

w)
W

MW P =N
1

[RE X wo J o238 3

s =N

W W owRRN NN W N
0

1,25
asRa=br
52E+08 3.2
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CLOSED TWO-PHASE THZRIOSYPHOR ANALYSIS (COMPUTER PRCGRAHM AND
RESULTS)

The £following prcgram was wri4ten <o give +the rzs
the ccrrelations for the sornic, boiling, and cen
limi+s as discussed in Chapter IV. I+ was writ
HP-Basic for <+he HP-9826 computer. Sub-precgrams £for the
graphics and the thermophysical proparties are not schowr. 1A
sample run is included imm=2dia+ely following *the listing.

-Pages 120-124 Program Listing

-Pages 125-127 sanmple Calculation

120

- e e R T S N T i
4 - . L] At . .
S AL -L‘A’\'.\'.:‘ A S A A



;“&1\1*_-. o~ .‘V‘\ .‘—-‘w.‘ S A L -"‘.“i_."'\v.r- _{‘»"- L st - ..f_.v."v_ "o-“."~' _-v SR \vT.‘r N ."r‘_ r.'r‘.‘r..f"‘d"_ L a9l ) _-‘(_ e e

-

.

-~ [TR N
0T 8285 .FHE 8100, LARE!
24y
0SS Xmin. Y 1n, 57, 2%y
9843 ‘
1T
108 NG U2XLMDetaglt valaes: T

' Tupe diameter (m)

i iy ! Tube lengtn(vap) ()
‘s o
v onn D
1Dy I=LLnlv ' Sacius of cooc (o
Tray PRINT USING "4X.""Tupe diamerter = UL Z.aDT LT (e
PPSG TRINT OISTNMNG 44" Tupe lengratSuapd= OO0V DLTT my
P18 PRINT JSING "4X.""Tupe Length(Lonad= " 000" (may""" e
VE7Y 0 PRINT USING 4X.""Ragius of rortor = "U,7.2D,UC (Mt

1150 BEZ®
1130 INPUT “OK TD ACCEPT DEFAULT YALJES (=Y. )=H)2".lc
1200 BES>

P20 TMRUT M T4T A =ARD IOPY (=Y 1= The

1363
TJBE DIAMETER (m2™.D

1300 BEZ:
1210 INPUT MENTER TUBE LINGTH(Z.,ap) (m)™ . Le2
1320 BEEZ®

1230 INPUT “CMTEZR TUBE LENGTH(Cond) (m)™,ic

PIS0 INPYT O tTITER RADIUS JF RGTOR (my LR

360 PRINT JSING "10X,""w=» Geometric Var:ap.ec ===
1370 ARINT JSTHG 14X Tupe dramecter Q) = ", Z.3DE."" (m)"":D
1330 PRIMT USIMG "14X.""Tube leng*h(Evap) (Le) *LZ.3DLT mo
1330 PRINT LSING "14aX.""Tupe lengtn(Cond) (Lg) = "".Z.3D."" (m»"
1400 PRINT USING "14X.""Rotor rac:us (R» = "3 ot
targ  PRINT

1420 PRINTER IS

1430 BEZ?

ig4a)  PRINT USING "IN, UUSELECT OPTIOM;

1450 PRINT USING "aX.”"" (@ versus AF:il=""

1460 PRINT USING "4X.""2 2727220732707 m.

1470 INPUT 0Op

148  IF Jo>1 THEN

1491) BEEZ®

1290 PRINTER IS 1!

1910 PRINT JSING "aX,""NOT IMPLIMENTED YET"™"

520 G0TO 1444

L SE

BE=®

3ad)

J1=N

Pos=’

NPT tUIKE TOOPLOT et J=ed 2" 0 0koloe

iy o)
)
1

DO

[P
AN AL
(SN Tu 4 Y04 I X W)

OO

C

Vi@
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RIS Ay
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0
1630

. - P}
AL T LT LI us. SR s T TyBeLx)
sr=l
Irc>
TMPUT U te=SULID . 2=DRSH-2ASR, Je il Tyoe
ohD TR
oND IF
Nstan=100
RESR
INPUT "ENTER JPTION (1=5,2=£.2=3.2=0", 10
TS Ta=2 THEN

17 Ut eWALLIS.2=CASTER™. e

Imc=t THENMN SRINTZZ IS 70!
IF The=0 THEN PRINTER IS
i
INBUT UENTZR Tsar (037 Tzat
PRINT HUSING "14X.""Tsatil) =
3E=?
INPYT “TNTER RPM"”.Ronm
DRINT JSING "tax,"URAM =
3EZF
THPUT TTMTER IOMD. 4ALe TZMPERATLRET . Tu
PRIMT USING "*4X.""T wall =
At=2I«) 2/4
Tsatk=Tsar+272.75
Zo=FNCowt T3at)
Mul=FNMuw((Tsat+Tw) /2
Myy="rNMyvTsat)

K=FNKw(Tsat)
Pr=fNPrytTsat)
Rhoi=FNRhow(Tsat?
-4{/] :llhf:( »ca_v’-)
Bp'a-"NBé.a( ' <<z|.)
Sigma=FNS:amal Tsat)
Rhov=1/FNVvst(Tsat)
Muv=Muy /Rhov
Rsn=".327
Cv=Cp/R3n
Rge=4kt .52 ' (J/kg3.¥)
Umega=rom=2-P1/50
Accei=Nmega 2+R

IF Jjp=0 ThEN
PRINT
INT USING "10X.""Filuid oroperties =2vaiuated a

.aD.D.uu ('l(';/."l 3,--....

DDD.D" Teat

L1D":Rem

.DDD. D" T

st teerne

t "".30D.2D. (C) are:
(J/kgq. "o
chel

(M,s/m 227" Mul
(W/m. K"K

.Z.4DE" Hfg

1Rhol
(kas/m 32" Rhov
(/)" :Beta
(1/2)""" :Omeqga
M/ Sigma

.40,

PO ..

PRIMT 4SING 14X, ""Soec:ific aeat (C2) = "r,ap.pLen
2060 PRINT USING “14X.""Ratio of Specific Heatz= “ D .ODD" 1!
2070 PRINT YUSING "1aX.”"Yiscosity (Mu) = ", 7.4DE.™"
2080 PRINT USING "14X. ‘"Tnermal cona (i) A T
2090 PRINT USING "14X.""Prandti numoer (Pr) s " 7.3 Py
2100 PRINT USING 14X, ""Entwa;py (Hfg) = "
5119 PRINT USING "i14X.""Density (RhoD) = v
2120 PRINT USING "14X."""Density (Rhov) = . Z2,4aD.""
2'20 PRINT YSING "14aX.""Coef tner exp (Beta) = ", 7.aDE . """
2140 PRINT USING "14X.""Omega = " .4D.D.
J1S0 ARINT JSING Tiax.""Surrace Tension =,
2150 =MD IF
AR
2N ACE = FILL
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YAt
I250 0 Mmwho . suzeRleded tnpel 20
220 Auz(M/ e (Fray-rng I (RN L/ (RRov=-Fha ) )=l
229t
2230 SGHIC CALCULATION
2240 IF Io=' THEN
2283 IF 4= THEN
2260 PRINT
’ 2270 OQINT USING TCU'IX.""Canic Lumit Taiculations:tU"
2230 PRINT

JSING "M10Xx.""% Fiil Totali Heat"""
Z290 =Znp iF
2200 Um=§hovtﬂfg¢(W/(Ltﬁ(?hov’ﬁﬁol))‘;hOL/(QHOV‘RhOL)*Qt)’§CP<QSﬁ'?QC‘-Eatk)
2314 H¢=Om/HF;
232 =23+
2230 Y=0m
2340 IF 3Im<=) THEM G070 2400
2356 IF Qkoiot=' THEN
2260 CALL Platdyr.decea X . Tyoa . u)
2370 ELSE
2280 PRINT USING "I12X.,3D.3X.Z.3DE™:Pcr.dm
2390 END IF
2400 IF Ssi>=100 THENMN G0TH 2720
2419 IF Jkeolot=1 THEW
2420 Aci=Petai 02
2430 ELSE
2340 2cri=Post
2450 Jr=ogs
2460 ©ND IF
2479 5070 2200
2480 MDD IF
249305
2500 ZHTRAIMMENT CALCULATICHNS
2510 IF Io=2 THEN
2sz0¢
2538 IF J;=0 THEN
2540 PRINT

. 2580 PRINT USING "IDX.""Entraining imit Claculatione:
2560 PRINT USING "10X.""% Fiil Total Heat""" : '
2879 END IF
2580 WALLIS CORRELATIOMN Jw»=.2S
2530 IF Ie=' THEM
2500  IF aw=) THEM G070 299
2610  Jv=.2S/Rhov .S=(Jmega”2=R=D=(Rhoi-Rhov)) .5
2620  Jm=Rhav= ju=Qt=Hfqg
2630 END IF
2540
2650t JASTER CORRELATION
2660 IF Ie=2 THEN
2670 IF Pcé=) THEM Pcf=!
2680 T1=(i/(1-(Pcf/100)))~"
2630t Ti=C1/(Pef/100))-!
2700 T2=T1#(Rhol/Rhov) " (2/3)
2710 IF T1<0Q THEN 2990
2720 Xx2=(Mul/Muv) " .25«Tt !1.79#4(Rhol/Rhov? "((2/3)+1.75-1)
2730 Xx=1/(31+7T2)
2740 Xx=.5
2750 Ax2=(M ] /Muvi . 25«Rhov/Rho!
2750  IF G=0) THEN ="
2770 Rae =i'-Xx)«(GD/ Myi)
2730 RevaXys(=D/Myy
279 Fu=.379/%sv 25

sevene

L
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EERA T W R L P A R 4 " L L R .\ . -,‘ . - . e =
2008 TF deds CRRERR
S0 - .- o~ . R
DR POl X I Y (2, S0
2221 Nm"'}*‘l,ﬂ\'p)'(‘\hnr—p'} v ReM  wTimelimagy 29
2230 Demaciexg )t 280 SeFhatig, 2ef, TR
2988 HoEe PELE NI
I ay = A ot Aoy A -
729y TF ARG -5 G0 0 ThEN

2860 G=(Gebor /2
2370 GQTD 27610
2830 END IF
. 2890 Om=Xxeir+At=H{g
2900 EIND I
2913 ¥=Pcf
292 Y=Gpr
2920 IF Sme=0 THEN 0TI 29gyg
28340 Ir Jkoliot=" THE
29%0 CALL Rlot(or.ic.ua .. Type. . Cx)
298]  TL5Z
79 :QLIT SSITHG 2K 3DV 3K 2. 4DE VAKX TV 30E" 2R 0m. 5
g0 MDD TF
IE 2ef>=100 THEM G070 3720
I€ Jkolor=? THEN

-
[

wl
DWW
SO G
oS

o N0 Pef=Psield 02
o~ 3020 £Lst
o 2330 RPef=fci+r)
B~ 3040 END IF
N 980 =g
s 3060 IF Ze=2 THEN GGTD 2540
" 3070 IF Te=t THEN GRTQ 2200
EG 2080 END IF
NG 3095
7 3100 30ILING CALZULATIONS
Y 3110 IF Ie=3 THEN
S 320 IF J;=0 THEM
A 3130 PRINT
e 3140 PRINT USING "'0X.""301l1ng Limit Caicuiations:”"”
\ 3150 PRINT YSING "10X.""i Fill Tora! SHeat JDprrer
- 2160 ZIND IF
W . 3179 IF Pei>t00 THEN GOTD 3772
N 3180 Ab=D»Lea=ACS(1-Pcf /31
o 3'30 Sm=dbe.[3*Rhov .3#Hfg=(0Umeqa 2+*R=»(Rhol-Rhov)=*Sigma) .25
e 3200 X=P::
4. 3270 Y=0m

. 222 iF dm<=0 THEN 3230
’ 3230 IF Okpiot=1 THEN

e 3230 CALL 2lot(Jj.Jc.Jd. K. 7. Type .Cx)
el 3250 ELSE

o 3260 PRINT USING “12X.3D.3X.Z2.4DE,3X,Z.4DE":P=f.0m.0m/Ab
o 3270 END IF

I 3290 IF A28>100 THEM 50T0 3720

o 3290 Jg=Jgel

=S 3200 IF dkolot=! THEM

T 3210 Pcf=Pcietn 02

£hs 2220 ELSE

o 3330 PcfePci+

e 3340 END IF

Tl 3350 GOTR_ 2200

N 2360 END IF

- 23700

33807 COMDENSATION CALCULATIONS
IF lo=4 THEN

. '
g L4
RERRA S S
W
w
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. * .
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ey TT O ce=a TLEN
25" PRINT
3420 I8INT JSDNG ruUX,""Concenzing Linmit Calcuiations:
343C  PRINT USIMNG "'0x,""% =il fota: Heas+s""" i
34490 D IF
3450 Dt=Tsat-Tw
, 3461 Hfgp=Hfa~('+ E3«((paDt/Hfg)) ]
3478 %gg=(Rhol*(Rhoi-Rhov)'Dmega 2#ReHf ek "3/ (DaMijeDey )y 0T ‘
344 NEG
3490 PH1=130-AC3(1-(Pef/SO N
3500 IF Phi>=0 AND Ph:<=110 THEM F=FHF1(Ph )
3550 IF Phi>110 AND Phi<=1!50 THEN F=2'F2(Ph )
3520  IF Pnhi>150 AND Phi<=130 THEN F="NET(Ph)
2820 IF Phi>:180 THZN PRINT "ERRCR.FHIN>!2Q' !
3541 RAD |
3550 Qm=AQu=DteF<Tag
3860 X=Pcf
3570 Y=idm
3980 IF Jm<=0 THEM 6370 2700
3530 IF Dkpiot=? THEN
2600 CALL Plottlr.dc.od. .Y, Type.Cx)
3610 . ELSE
3620 ORINT USING "r2X.2D.2X.ZD.0":iPei . Gm
353 END IF
3640  IF DJkoiot=' THEM
3850 Pof=Pcisi” (02
o880 ZLSE
3670 Pcr=Pcf+!
3630 ™MD IF
3630 =l
3700 IF Sef>=100 THEN GOTD 3720
3710 60T 2200
3720 END IF
3730 BEZP
2740 INPUT TAMBTHER RUM ¢j=Y.0=tH?2",Ir .
3750 IF Ir=' THEN 1200
3760 BEE?
2770 IMPUT “WANT TO _ABEL?(1=Y.0=t)" I!
3780 IF Il=1 THEN CALL Labpei
3790 =ND

”
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“es GwometriC Jariapias ve
Tuoe Jiane-2r (o, o= &, SLI-05 G,
Tuoe lengrtnefuap) (2) = LA i)
Tupe length(Lond) (o) = 2 em
Rator racdius () = 0.402 (m)
, “sattl) = 30
Ao = 2hdu
- salii ac)
FLAlD DUGERlT.es sVALuATEd atl tlloars
Specifinc neat (Lo = oSy
“ %, Ratio of Specific Heats= 1,227
PR Viscosity (M) = 4.,4336E-04 (N.s/m D
AN Thermai cona (i) = ).2638 (w/m.“)
b Prandtl numper (Pr? = 2.315
A Enthaioy (Hfa) = 2. 3I0S7E+06
A Density (Rho!) = §g71.8 (kg/n'?’
: Density (Rhov) = L2 tka/m )
Coaef ther exp (Beta? = 6. 4578E ﬂﬂ (1/K>
Omega = 77.0 (1/5)
Surrace Tension = 7. 7) 43E 04 (N/m)
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